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Abstract 
High-Power, High-Repetition-Rate 
Picosecond Optical Parametric Oscillators 
for the Visible to Mid-Infrared 
S. French
J. F. Allen Physics Research Laboratories, School o f Physics and Astronomy, 
University o f St Andrews, Fife, Scotland.
This thesis describes the design, configuration and operation of picosecond 
optical parametric oscillators (OPOs) tunable from the visible to mid infrared. 
These systems were based on the materials LiBgOg (LBO) and KTi0 As0 4  
(KTA), and were pumped by a self-mode-locked Ti:sapphire laser at a repetition 
rate of 81 MHz.
The initial design of the picosecond parametric oscillator was based on a 16 
mm long crystal of LBO. This system produces transform-limited signal pulses 
with durations of -720 fs. Total average output powers of up to 90 mW over a 
signal (idler) tuning range of 1.374-1.530 |im  (1.676-1.828 pm) have been 
generated at 1.3 times the 900 mW threshold.
The system performance was improved by the use of a new LBO crystal of 
length 30 mm. This system was continuously tunable from 1.160 to 2.185 pm. 
Up to 690 mW of output power has been generated for 2 W of input pump power 
at 5 times threshold. For this output power a depletion of 52 % was achieved 
with a corresponding external extraction efficiency of 34.5 %.
Picosecond pulse generation in the visible by external single-pass frequency- 
doubling of the LBO OPO to provide picosecond pulses in the 584-771 nm range 
has been demonstrated. Conversion efficiencies as high as 18 % have been 
demonstrated, with output powers in excess of 65 mW being measured, when 
utilising a combination of type I and type II temperature-tuned non-critical 
phase-matching in LBO. The pulse width of the second harmonic was in the 
region of 840-880 fs.
A further new source of tunable high-repetition-rate picosecond pulses for 
the visible has also been demonstrated, which is based on an internally-doubled, 
Ti:sapphire-pumped OPO that uses temperature-tuned LBO both as the OPO and
SHG crystal. Oscillation has been obtained for an input pump power of 700 mW 
with output powers in excess of 320 mW being generated, representing 
conversion efficiencies of as much as 16 %. The system is continuously tunable 
from 584 to 771 nm and can provide transform-limited visible pulses with 
durations of 840-880 fs across the available range.
The ability to tune beyond wavelengths of 2.5 |im was also required. To this 
end a new source of tunable picosecond pulses for the near - to mid - infrared has 
been developed which is based on the material KTA. Oscillation has been 
obtained for input pump powers as low as 230 mW. The system produces total 
output powers in excess of 403 mW with conversion efficiencies of 31 % at 5.2 
times threshold. Transfoim-limited signal (idler) pulses of 1.02 (2.9) ps have 
been generated over the tuning range 1.139-1.281 (2.377-3.160) jim.
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1.1 Introduction
Tunable ultrashort laser pulses in different regions of the optical spectrum are 
highly desirable for many applications. The study of numerous ultrafast 
phenomena such as carrier relaxation dynamics in semiconductors, [1] time- 
domain rotational and vibrational spectroscopy of molecules, and time-resolved 
measurements of many photoexcitation processes require ultrashort optical 
pulses with picosecond and femtosecond temporal durations [2, 3, 4, 5].
Before the recent surge in the development of ultrafast optical parametric 
oscillators (OPOs), optical sources capable of generating such pulses were 
traditionally based on conventional mode-locked laser gain media with extended 
fluorescence bandwidths such as the dye [6-15] or colour-centre lasers [16-19]. 
More recently, the application of novel passive nonlinear mode-locking 
techniques has enabled the generation of ultrashort pulses from vibronic laser 
gain media, most notably the Ti:sapphire laser [20-26]. While these techniques 
have proved highly effective in providing optical pulses with durations from a 
few femtoseconds to hundreds of picoseconds, the tuning range available to 
many of these systems is often limited to, at best, a few hundred nanometers or 
so. Moreover, with the exception of colour-centre lasers and some newly- 
emerging vibronic systems, the wavelength coverage of most of the existing 
tunable lasers is confined mainly to the visible spectrum.
Tunable ultrashort optical pulses in these wavelength regions have also been 
generated using a number of methods including nonlinear frequency conversion 
techniques based on difference frequency mixing [27-29], seeded parametric 
amplification [30-32] , or continuum generation [33, 34]. However, the need for 
two or more independent pump pulse trains, with the consequent demands on 
temporal synchronism, or the requirement for more than one amplification stage,
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generally leads to added system complexity, higher cost, and relatively low 
overall conversion efficiencies. This may not be optimal for many experiments. 
In the following section a discussion is given of the methods used for generating 
ultrafast pulses in the visible and infrared before the recent developments in 
ultrafast OPOs. Figure 1.1 shows the tuning ranges available from the sources 
described above. In the following section a review of the development in 
synchronously-pumped picosecond optical parametric oscillators is given.
T T
Difference frequency mixing
Hhj
Dye lasers 
Colour centre lasers
Vibronic lasers
Ti:sapphire pumped picosecond OPOs /J
1 1 1
0 500 3000 40001000 1500
Wavelength (nm)
Figure L l
Comparison o f the tuning ranges available in the visible and infrared from  
conventional ultrafast laser sources and optical parametric osillators.
1.2 Synchronously-pumped Optical Parametric Oscillators
The synchronously-pumped optical parametric oscillator (OPO) offers a highly 
attractive alternative for the generation of ultrashort pulses in new wavelength 
regions. In addition to its unrivalled spectral versatility and high efficiency, it is 
solid-state in design, long-lived, and relatively simple to implement, thus 
avoiding several of the disadvantages associated with other approaches. In 
addition, unlike the conventional mode-locked lasers where pulse formation and 
duration is ultimately limited by the fluorescence bandwidth of the gain medium, 
a large degree of selectivity in pulse duration is available with the OPO by 
suitable choice of pump pulse length and nonlinear crystal. As such, the OPO is
S. French, PhD thesis September 1996
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capable of providing optical pulses throughout the temporal spectrum from the 
nanosecond to the femtosecond regime. The output pulses from the OPO also 
exhibit lower timing jitter relative to the pump pulses than synchronously- 
pumped lasers with gain storage, because of the instantaneous nature of 
parametric gain. This property makes the synchronously-pumped OPO highly 
suited for high-resolution pump-probe spectroscopy.
The potential of synchronously-pumped OPOs for the generation of 
ultrashort optical pulses in new wavelength regions was demonstrated more than 
two decades ago. In 1972 Burneika and co-workers proposed a synchronously- 
pumped OPO configured so that the cavity lengths of the OPO and mode-locked 
pump laser were equal [35]. In the same work, the researchers demonstrated an 
optical parametric amplifier (OPA) using KDP which was synchronously- 
pumped by the second haimonic of a mode-locked Nd:YAG laser. However, for 
many years a lack of suitable pump sources of sufficient intensity (~ 100 kW) 
and nonlinear materials of desirable optical and mechanical characteristics 
limited the operation of synchronously-pumped OPOs either to doubly-resonant 
oscillator (DRO) configurations [36-40] or to the pulsed mode-locked singly- 
resonant regime, [41-45]. Whereas DROs have the benefit of reduced oscillation 
thresholds, the requirement for the simultaneous resonance of both parametric 
waves in one cavity generally leads to poor amplitude and frequency stability of 
the output. For this reason, singly-resonant oscillators (SROs) are desired, albeit 
at the expense of higher thresholds. Furthermore, ultrafast measurements with 
high signal-to-noise ratio generally require truly continuous sources at high 
repetition rates with the output consisting of identical pulses. These 
requirements are generally not met in pulsed synchronously-pumped OPOs 
where both the intensity and duration of the mode-locked pulses can vary across 
the pulse envelope and the output does not constitute a truly repetitive pulse 
train. Consequently, up until recently interest in OPOs as practical tunable 
ultrafast sources remained largely limited. However, the emergence of new 
materials with large nonlinearities and high damage thresholds and novel pump 
sources of high intensity and good beam quality has now enabled the generation 
of highly stable and truly continuous ultrashort pulse trains at high repetition 
rates, using OPOs.
In 1989, Edelstein et al demonstrated the first cw femtosecond SRO based on 
KTP [46]. To access the high peak intensities necessaiy for oscillation, the KTP 
crystal was pumped at the intracavity focus of a colliding-pulse mode-locked dye 
laser. This approach was subsequently extended to an externally-pumped
S. French, PhD thesis September 1996
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oscillator by Mak et al [47], where increased signal powers of up to 30 mW were 
demonstrated. Soon after, the emergence of the self-mode-locked Ti: sapphire 
laser as the pump source brought about marked improvements in the 
performance of femtosecond OPOs with regard to output power, pulse duration, 
stability, and reduced system complexity [48-54].
During the same period, much effort has been expended in the development 
of similar' OPOs for the picosecond time domain. These efforts have been driven 
by the recognition that optical pulses with picosecond temporal durations are 
also of interest for many experiments because they offer a suitable compromise 
between spectral and temporal resolution not available with femtosecond pulses. 
Moreover, many ultrafast phenomena such as photochemical isomerization, 
electronic relaxation, and molecular rotation occur on the picosecond time-scale. 
To date, several cw synchronously-pumped picosecond SROs based on KTP and 
LBO have been successfully demonstrated by a number of investigators [55-61]. 
The pump sources used in these experiments have been almost entirely based on 
the cw mode-locked Nd:YAG or Nd:YLF lasers and their second harmonic. The 
attainment of short pump pulses of sufficient intensity has in most cases also 
necessitated the use of coupled-cavity techniques [55-57] or external pulse 
compression [58, 59]. Frequency-doubling of these systems to provide 
continuous train of picosecond pulses in the green also requires external 
enhancement configurations [55-58]. These requirements place additional 
demands on pump laser stability and lead to additional system complexity and 
higher cost.
The work in this thesis involves the development of cw picosecond 
synchronously-pumped OPOs based on a self-mode-locked Ti:sapphire laser as 
the pump source. One of the major advantages of the Ti:sapphire laser as the 
pump source is that its tunability permits wavelength tuning in picosecond OPOs 
without resorting to angle-tuned phase-matching. This is particularly useful 
when temperature phase-matching is not available as a means of wavelength 
tuning. On the other hand, the combination of a tunable pump and temperature- 
tuning allows access to a particular set of pump, signal and idler wavelengths, 
thus providing a multi-parameter tuning capability. This may be useful in 
applications such as pump-probe spectroscopy or wavelength multiplexing. The 
self-mode-locked Ti:sapphire laser is also capable of generating average powers 
in excess of 2 W, which enables efficient and high-power operation of OPOs. 
Commercial self-mode-locked Ti:sapphire lasers (e.g. Spectra-Physics, Tsunami) 
can now provide output pulses with durations from 100 fs to 5 ps through the
S. French, PhD thesis September 1996
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choice of intracavity optics and can be configured for femtosecond or 
picosecond operation in a few hours. As such, they also represent highly cost- 
effective pump sources for OPOs operating in the picosecond and femtosecond 
time domain. The first demonstration of the use of this laser in the femtosecond 
domain was by Kafka et al in 1994 [64], with a subsequent fuller description 
given in 1995 [63].
The potential of Ti:sapphire lasers as pumps for picosecond OPOs has been 
previously demonstrated [64]. By using a KTP crystal cut for type II non-critical 
phase-matching (NCPM) along the %-axis (0=90°, (j)=0°), tunable 1.2 ps pulses 
were generated over a wavelength range 1.05-1.21 [im and 2.28-2.87 [im by 
tuning the Ti:sapphire pump laser. The extent of the tuning to date in 
Ti:sapphire-pumped picosecond OPOs is shown in Figure 1.1 [65-71]. This can 
be seen to more than match the tuning available from conventional sources.
1.3 Outline of the work in the thesis
The work described in this thesis involves the development of picosecond 
sources tunable from the visible to mid infrared.
In Chapter 2 the operation of the self-mode-locked Ti:sapphire laser used as 
the pump source for the optical parametric oscillators described in this thesis is 
discussed. Chapter 3 describes the most important features relating to the 
construction of picosecond optical parametric oscillators including what features 
govern the choice of nonlinear crystal used as the parametric gain medium.
Chapters 4 to 7 describe the development of five separate systems to provide 
picosecond pulses from the visible to the mid infrared. Chapter 4 describes the 
initial Ti:sapphire-pumped OPO constructed, which was based on the nonlinear 
crystal LBO. A full temporal and spectral characterisation of the system is 
given. This OPO produced adequate performance characteristics, but 
improvements could be made. In Chapter 5 an improved LBO OPO is 
described, this device displayed significant improvements to the previous device, 
which allowed the investigation of many more interesting features. In Chapter 6 
the output from the LBO system is extended into the visible by both extracavity 
and intracavity frequency-doubling the LBO OPO. In Chapter 7 tuning further 
into the infrared is accessed by the construction of a KTA OPO.
Chapter 8 provides conclusions to the thesis and outlines the achievements in 
system design, construction and characterisation.
S. French, PhD thesis September 1996
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2.1 Introduction
As discussed in Chapter 1, this thesis describes picosecond optical parametric 
oscillators that are pumped by a self-mode-locked Ti:sapphire laser. This pump 
source is an integral part of the entire operation, with the OPO performance 
being greatly influenced by the quality of the service it receives from the pump 
source. It is therefore necessary to discuss the properties and operational 
characteristics of the Ti:sapphire laser. In this chapter a full characterisation of 
the laser is given as well as a description of the suitability of Ti:sapphire as a 
laser gain medium. The chapter begins with a discussion of the properties of 
lineal' and nonlinear pulse propagation in transpaient optical media, as is the case 
for lasers and OPOs. A description of the techniques used to measure the 
temporal and spectral characteristics of the output of ultrafast mode-locked lasers 
is also given, these techniques are equally usable for the characterisation of 
ultrafast OPOs and ai'e used extensively throughout the work in this thesis.
2.2 Pulse propagation in linear and nonlinear media
In this section a description of pulse propagation in linear and nonlinear optical 
systems is given. These features are very important as they relate to the 
characteristics that will be present in an optical pulse after it has propagated 
through a length of such a system. The initial description will be concerned with 
a purely dispersive medium in which no nonlinear effects are present. A 
discussion of nonlinear propagation will then be given, which will involve the 
description of important features such as self phase modulation and self 
focussing.
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2.2.1 Pulse Propagation in Linear Optical Media.
The variation of the speed of light with wavelength in a material results in the 
concept of dispersion. When an electric field acts on an optical material then the 
response of the medium will depend on the frequency of the interacting field. 
This occurrence is manifested as the dependence of the refractive index (n) of 
the medium on the optical field frequency (m).
The variation of refractive index with wavelength (X.) is commonly expressed 
mathematically by the Sellmeier equation which is generally of the form:
the refractive index is measured experimentally with the Sellmeier constants A, 
B, C and D being used to fit the empirical foiTnula to the experimental data. For 
the vast majority of optical materials this equation will be valid from the visible 
to near infrared spectral regions. Outwith these region materials start to exhibit 
resonances, which results in the breakdown of the accuracy of the above 
equation. The wavelength range over which these equations are valid is 
ultimately dependent on the material in question. The variation of n and dn/dX 
with wavelength governs which spectral regime is being operated in, if both n 
and dn/dX decrease with wavelength then this is described as normal dispersion. 
In this dispersive regime blue light will travel more slowly and refract more 
strongly than red light. When operating close to an optical resonance these 
properties may be reversed such that both n and dn/dX increase with increasing 
wavelength with this situation being referred to as anomalous dispersion.
The different wavelength components of a pulse propagating in an optical 
medium travel at speeds given by c/n(X). The differences in the values of n for 
each spectral component of the pulses results in each wavelength portion 
travelling at a different speed. This therefore results in temporal dispersion of a 
pulse propagating in an optical medium. Whether pulse broadening or 
shortening results from propagation in a dispersive medium will depend on the 
properties of the material. Work on dispersion has led to the understanding of 
the situation. In a circumstance in which there is no attenuation, the nonlinear 
and anomalous dispersions can combine to produce pulse shapes which are 
periodic functions of distance. These pulses are known as solitons, with soliton 
propagation of light pulses in optical fibres now common place. In any ultrafast 
laser or optical parametric oscillator cavity elements can create a situation in
S. French, PhD thesis September 199611
Chapter 2 Ultrashort Pulse Propagation and Measurement
which nonlinearities and dispersion affect the characteristics of the output pulses. 
When designing a picosecond OPO the measurement of the intracavity 
dispersion must be undertaken. This may result in the necessity of the inclusion 
of a dispersion control element such as a prism sequence or Gires-Tournois 
interferometer (GTI) [1].
The material dispersion can be calculated by expanding the propagation 
constant, p, in a Taylor series about the central frequency, ooo-
P(co) = — n(co) = P +  Pj (cO — COq) + P2(® “  ®o) +  P](G) — 0)o) + ... (2.2)
The physical meanings of the coefficients in equation (2.2) relate to phase 
and group velocity [2]. The velocity of propagation of a region of constant 
phase is referred to as the phase velocity, V(j), within an optical pulse the 
individual optical components will travel at different speeds. The group 
velocity, Vg = dco/dp represents the velocity of the pulse envelope. This will, in 
general, change its form as it progresses within the medium. The coefficient p is 
related to the phase velocity, V(j), by
P = p((B) = ^  (2.3)
The group velocity is related to p and is given by
p , = i  (2.4)
where
The group velocity (vg) represents the propagation rate of the pulse envelope 
while the individual optical cycles within the envelope will progress with the 
phase velocity (vcj)). The term P2  represents the group velocity dispersion (GVD) 
and is given by
d r n 1 fo dn d f n l2 — +  C0 ---- rdco l ' ' J c dco
(2.6)2 tcc dAr
This term is used as a measure of the dispersion exhibited by an optical 
material and represents the change in shape experienced by a pulse as it travels
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through a dispersive medium. In the situation where p% is zero then an optical 
pulse will propagate for an indefinite period without any modification to its 
temporal envelope. The term P% = 0 at approximately 1.3 |im, for many 
common optical materials. However generally higher-order terms of equation 
(2.2) are non-zero and so cannot be neglected in dispersion considerations. The 
third-order dispersion term p3 is given by
P3
|2
dco'
1
dco dco y 2_32%c
d^n „ d^n^ (2.7)
When extremely short pulses are required i.e. -10 fs then the pg term 
becomes important and must be considered; in this work as pulse durations of no 
less than -500 fs are used then all the work can be undertaken without 
addressing third order dispersion effects and hence all the discussions included 
here will deal only with the effects and correction of group velocity dispersion 
associated with the second derivative of phase with respect to frequency or 
second order dispersion.
The chromatic dispersion constant (D) of a system may be expressed as,
As discussed previously, when designing a picosecond OPO the consequence of 
GVD must be considered. It is highly desirable if a device for varying the 
intracavity GVD can be combined with other OPO cavity elements. The 
requirement to control the GVD has led to the development of several 
techniques. One of the most popular is the Brewster-angled prism sequence, 
which is illustrated in Figure 2.1. This approach have advantages over other 
schemes because of the fact that it has a lower insertion loss than, say a grating 
arrangement as well as greater spectral tunability than Gires-Tournois 
interferometers. If the optical path length through an optical system is given by, 
P, then the dispersion constant, D, is given by
D = A 'cL ^ (2,9)dAr
S. French, PhD thesis September 1996
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Figure 2,1
Four prism sequence to produce net negative GVD.
where L corresponds to the physical length of the optical path. For a single pass 
of the four prism sequence illustrated in Figure 2.1, it can be shown that [3],
d T
dA,^ = 4h dV dA, sin 0 — 2
dn
dA, COS0L CLIO)
where n represents the refractive index of the prism material. Commonly in laser 
and OPO cavity configurations, including those described in this thesis, 0 is of 
the order of the angular deviation of the ray bundle, this means that cos0 is 
approximated equal to unity and the term lsin0 is of the order of the beam spot
size of 2mm. Providing is not excessively large compared with f ~  ,dA, V, dA, J
equation (2.10) shows that the prism sequence will produce a net negative GVD
for sufficiently large values of 1. Vaiying the value of 1 can change the amount
of GVD produced by the prism sequence. The total dispersion present within a
cavity including a prism sequence may be calculated by using equations (2.9)
and (2.10) in combination with equation (2.8).
The degree to which an optical pulse propagating in a dispersive material is 
influenced by GVD will depend upon the dispersion of the material and the 
initial pulse characteristics [4]. A pulse with constant instantaneous frequency 
across its temporal profile is known as an unchirped pulse, or bandwidth 
(transform)-limited pulse. As this pulse travels thi'ough a dispersive medium it 
will undergo a broadening irrespective of the sign of P2 . In the visible spectral 
region many optical materials have positive dispersion, i.e. P2  >0, this results in 
a reduction in refractive index with wavelength. Operation in a positively
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dispersive regime results in longer wavelength optical components travelling 
faster than shorter wavelength components. The influence of GVD will result in 
an initially unchirped pulse experiencing a re-distribution of its spectral 
components, which will attain a relative delay with respect to one another. The 
instantaneous frequency change present across the pulse will cause it to become 
chirped. After movement through a positive dispersive medium an initially 
unchirped pulse will have become linearly 'up' chirped, with the instantaneous 
frequency increasing linearly from the front to the back of the pulse. The reverse 
effect is true for propagation through a negatively dispersive regime in which a 
bandwidth limited pulse will become 'down' chiiped.
If the initial pulse is itself frequency chirped then this will lead to pulse 
shape characteristics being more complicated. It is beneficial to define a pulse 
chirp parameter (C), with C>0 for up chirped pulses, and C<0 for down-chiiped 
pulses. Determination of whether a pulse experiences temporal broadening or 
narrowing depends on the sign of C and p2 - Pulse broadening will occur if the 
quantity CP2  >0, implying that the sign of both chiip and dispersion must be the 
same. If the product Cp2 <0 then chirp and dispersion have opposite signs and 
pulse narrowing will occur until some minimum pulse duration is reached, C will 
then change sign and pulse broadening will commence. For negative dispersion 
systems in which p2<0 this effect can be understood by the following argument. 
When a pulse is initially up-chirped (C>0) its blue spectral components are 
delayed with respect to its red spectral components. In systems where, P2<0, 
blue light travels faster than red, this results in the blue components of an up- 
chirped pulse catching up with the red components. A minimum pulse duration 
will be obtained when the delay between the spectral components of the pulse 
reaches zero. Subsequent propagation will result in pulse broadening, because 
the red components now ti'ails the blue, as the pulse becomes down chirped.
2.2.2 Nonlinear Pulse Propagation.
In this section the combination of GVD and the nonlinear spectral broadening 
effect, self phase modulation (SPM) will be discussed.
When an optical pulse travels through a transparent dielectric material its 
electric field will interact with that medium via its response force, the result of 
this is that a macroscopic polarisation (P) is generated in the material. 
Interaction between optical field and atomic structures produces a distortion in 
the electron-charge clouds in solids and a reorientation of the axes of molecules
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in liquids. If a sufficiently high electric fields interacts with an optical material 
then the response of that material may become nonlinear. This response may be 
expressed as the series expansion [5],
P X(2)^0  ^ X(3)^0  ^ — (2-11)
where X(d is the linear susceptibility and Xo) are higher-order
nonlinearities in the dielectric response of the material.
Different nonlinear phenomena are associated with different terms in 
equation 2.11. Phenomena such as second harmonic generation and optical 
parametric oscillation are related to the term. This term becomes zero in 
centrosymmetric materials, in comparison to the term that is present in
practically all optical materials. The two main properties resulting from the 
nonlinearity associated with the E^ term are self phase modulation (SPM) and 
self focusing. This results in the E^ term having a large bearing on the 
characteristics of the optical pulses that are generated from ultrashort pulse lasers 
and OPOs.
2.2.3 Nonlinear refractive index
The refractive index has a nonlinear dependence on field strength described by
n=no+n2l(t) where, = -A^L. (2 . 1 2 )
2 £ono
where n2 is the nonlinear refractive index and no is the linear refractive index. 
The field associated with an intense optical field can itself produce a modulation 
in the refractive index, this results in an intensity dependence of the refractive 
index refened to as the optical Kerr effect. The magnitude of n% is determined 
by a multitude of physical mechanisms, acting over a broad temporal range, 
however it is generally always positive.
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2.2.4 Self Phase Modulation
Self phase modulation is the change in the phase of an optical pulse due to the 
nonlinearity of the refractive index of the medium through which it is 
propagating. This phenomena was first observed by Shimizu [6 ] who observed 
that after passing through a liquid filled cell an initially unmodulated laser 
spectrum had a modulation extending both above and below the laser frequency 
this was attributed to the intensity-dependent refractive index. When an optical 
pulse propagates through a nonlinear material it will encounter a refractive index 
change governed from equation (2 .1 2 ) of
An=n(t)-no+n2l(t) (2.13)
where I(t) is the temporal intensity pulse profile. The pulse intensity variation 
will result in the pulse experiencing a time-varying phase shift. A pulse passing 
through a length (L) of a nonlinear material will experience a phase shift of
OttTA(|)(t) = kLAn(t) = n2l(t) (2.14)K
where X is the pulse wavelength. This phase shift will induce a instantaneous 
frequency chirp of
A0 , = l ( A « t ) )  = ^ ^  (2.15)
Figure 2.2 shows how nonlinear chirp can result in a change in instantaneous 
frequency for a gaussian intensity pulse profile. The dependence of Aco on the 
temporal gradient of the pulse intensity coupled with in general n2  > 0  leads to 
the leading edge of the pulse experiencing a red shift since in this region Aco< 0, 
the trailing edge of the pulse will encounter a blue shift as in this region Am > 0. 
The central region of the pulse will experience an approximately linear chirp. 
The temporal pulse intensity profile will remain unchanged in non dispersive 
media, however in dispersive media the combined effects of group velocity 
dispersion and SPM will cause envelope distortion. These effects can results in 
several temporal effects such as pulse broadening or soliton propagation.
Solitons are optical pulses that propagate through a dispersive, nonlinear 
medium with an invariant pulse shape. Several reports of solitonic propagation 
have been made [7], such effects occur at regions of anomalous dispersion in a 
material, where a balancing between the dispersion and SPM are reached. The 
pulse shortening process in ultrashort pulse laser and OPO systems can be
S. French, PhD thesis September 1996
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t
(c)
RedBlue
Figure 2.2
(a) Pulse intensity envelope, (b) Change in instantaneous frequency, (c) 
Arrangement to observe self phase modulation.
described by a soliton approach in which the GVD is varied by using a prism 
sequence. When an optical pulse is present in such a system it will be encounter 
the effects of SPM, this will result in the creation of new frequency components 
and will lead to the pulse becoming up chirped. If negative dispersion is 
introduced into the cavity, then this will result in the red spectral components 
being delayed with respect to the blue components. This results in the 
compression of the central portion of the pulse in which the SPM and GVD may 
be balanced. Extremely short pulses have been generated from lasers and OPOs 
using this technique. When no dispersion compensation is present a self-mode- 
locked Ti:sapphire laser will typically generate pulses on the picosecond 
timescale, however the inclusion of a prism pair in the cavity will produce a net
S. French, PhD thesis
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negative intracavity dispersion which will result in the laser producing pulses as 
short as 10 fs [8 ]. This demonstrated the importance of these mechanisms in the 
attainment of ultrashort optical pulses.
2.2.5 Self-focusing
A very important consequence of Kerr effect is the phenomenon known as self- 
focusing where an intense beam induces a weak positive lens in the optical 
medium. This effect is understood by considering the phase velocity of the 
wavefront as it propagates through an optical medium as illustrated in Figure 
2.3. The centre of the beam, which is most intense, encounters the highest index 
of refraction, which causes the centre of the wavefront to be retarded more than 
the edges, this results in focusing occurring.
In the preceding section the most important aspects of optical pulse 
propagation in linear and nonlinear media have been discussed. These concepts 
are paramount in the process of generating ultrashort pulses, in that the 
combination of the intracavity GVD and SPM aie the main factors influencing 
the production of such pulses.
Kerr Medium
Figure 2.3
Self-focusing o f an intense beam due to the optical Kerr effect.
2.3 Measurement of ultrashort optical pulses
When using any ultrashort laser or OPO as a source for experiments it is very 
important to have accurate temporal and spectral information about the output 
pulses. In experimental techniques, such as pump probe spectroscopy, it is 
important that an accurate measurement of the pulse duration can be made, as 
this duration can have a large bearing on the interpretation of the obtained 
results. In such experiments it is also not sufficient to simply measure the pulse 
durations, determination of the frequency bandwidth of the pulse is also 
required, as if this is too large then features such as, say, an exciton resonance
S. French, PhD thesis September 1996
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may not be resolved. Hence accurate temporal and spectral measurement 
techniques are required.
2.3.1 Temporal measurement
2.3.1.1 Linear Detection
The most convenient method to measure mode-locked laser pulses is direct 
detection using a photodiode and a fast oscilloscope. Photodiodes which have 
bandwidths in excess of 100 GHz, which represents a temporal resolution of < 5  
ps, have been produced [9]. The resolvable pulse duration is in fact limited by 
the bandwidth of the oscilloscope being used, which is typically of the order of 
0.5 GHz. Although these oscilloscopes have insufficient bandwidth to enable the 
measurement of pulses of less than Ins duration, they are however capable of 
resolving the individual pulses in a mode - locked pulse train. Sampling 
oscilloscopes have bandwidths as large as 50 GHz, which represents a temporal 
resolution of 1 0  ps [1 0 ].
2.3.1.2 Second Harmonic Generation Autocorrelation
None of the above methods are capable of measuring pulses of durations of less 
than ~ 1  ps, for these pulses it is necessary to use nonlinear correlation 
techniques. The most commonly used technique is that of second harmonic 
generation (SHG) autocorrelations [11], [12] and [13]. The pulse to be measured 
is divided into two equal components. One pulse is delayed with respect to the 
other using an optical delay line, the two pulses are then recombined in a 
nonlinear crystal.
Since the second harmonic generation depends quadratically on the input 
intensity, the second - order autocorrelation function G2  (x) of the pulse can be 
generated by varying the temporal overlap of the two pulses in the crystal using 
the delay line. The duration of the pulse can then be infened by measuring the 
displacement of the delay stage. An unfortunate feature is however, that the 
autocorrelation function is symmetric, and so information relating to the 
temporal profile of the pulse is lost. This makes the exact duration of the pulse 
ambiguous, since it depends on the pulse shape chosen.
There are several methods of obtaining SHG autocorrelations, each depends on 
the type of phase-matching used in the crystal and whether the two beams are
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Schematic o f the Second Harmonic Generation Autocorrelator.
collinear. In early autocorrelators type II phase-matching was used, requiring 
orthogonally polarised input beams. In this configuration the second harmonic is 
only generated when the pulses have some degree of temporal overlap in the 
crystal. It is now more popular to use type I phase-matching, when the two 
beams entering the crystal are collinear, the autocorrelation function will have a 
background level. This occurs because each pulse produces SHG, the SHG is 
however enhanced greatly when the pulses aie coincident. Background free 
autocoiTelations can be obtained by using a noncollinear arrangement. The 
arrangement used in this work is shown in Figure 2.4. The light is input to a 
delay line formed by a 50/50 beamsplitter and two retroreflectors, one of the 
retroreflectors is attached to the cone of an 8  inch diameter loudspeaker. The 
speaker is driven by a rounded sawtooth waveform which enables real time 
monitoring of the autocorrelation using an oscilloscope [14]. In the other arm of 
the delay line the corner cube is mounted on a thiee axis translation stage, so that 
the two beams input into the conelator can be overlapped. The second harmonic 
generation section comprises a 200 p.m thick BBO crystal, a focusing lens, and 
two filters. The filters prevent room light or light at the fundamental laser 
frequency entering the photomultiplier tube (Thorn EMI Model No 9972 KB). 
For collinear autocorrelation, the second-order intensity autocoiTelation function 
is given by
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September 1996
Chapter 2 Ultrashort Pulse Propagation and Measurement
Jl{ t)I(t-x )d t
G2 (t) = l + 2 =^=-:;------------  (2.16)
j r ( t ) d t
equation (2.16) where I(t) is the intensity of the pulse and x is the delay. By 
inspection of this equation it can be seen that the minimum possible background 
intensity is one unit (no overlap) and the maximum is three units (complete 
overlap). The shape and contrast ratio of the autocorrelation signal yields 
information regarding the quality of the mode-locked pulse train. Three 
important cases have been modelled, these are presented in Figure 2.5. Figure
2.5 (a) displays the autocorrelation for CW light. The contrast between the 
maximum intensity and the background level is 3:2. The peak at the centre of 
the autocorrelation occurs when the two arms of the delay line are exactly 
matched and is due to the coherent addition of the two fields. When a noise 
burst is input into the autocorrelator Figure 2.5 (b) is obtained. The broad pulse, 
which has a contrast ratio of 2 :1 , relates to the duration of the noise burst and the 
duration of the coherent spike. For perfectly mode-locked Gaussian pulses the 
autocorrelation is shown in Figure 2.5 (c). The 3:1 contrast ratio indicates that 
the entire oscillation bandwidth is phase locked and that there is no inter pulse 
radiation. The relationship between the pulse duration (Xp) and measured 
autocorrelation duration (Xac) is,
X (2.17) ^ k
where the duration of the autocorrelation function is measured at an intensity of j
2 units. The factor k used depends on the assumed pulse shape. The validity of |
this assumed pulse shape can be verified by measuring the bandwidth of the j
Ipulse spectrum and comparing the duration-bandwidth product, with the j
calculated value for the chosen pulse profile. The above comparison is only 
valid for pulses that have no frequency chirp. Examples of transform-limited 
pulse duration bandwidth products AxpAv and the factor k for common pulse 
shapes can be seen below, in Table 2.1. If the detection system used to measure 
the second harmonic generation has sufficient bandwidth, then it is possible to 
resolve the fringe pattern which results from the interference of two beams in the 
nonlinear crystal. In this case the second order interferometric autocorrelation 
function is given by [14], see equation 2.18.
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Figure 2.5
Calculated intensity autocorrelation traces fo r  (a) cw radiation, (b) a noise 
burst, and (c) mode-locked pulses.
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Pulse Profile Intensity I(t) AxAvp k
sech^ 0.315 1.543
Gaussian exp t n 0.441 1.414
single- sided 
exponential
0 ; t < 0
0 . 1 1 0 2 . 0 0
Table 2.1
Transform-limited duration - bandwidth products and correlation factors fo r  
some common pulse shapes.
dt
(2.18)
The autocorrelation function can now be seen to depend quadratically on the 
electric field, this results in an increase in the contrast ratio to 8:1. The 
autocorrelation function is now able to resolve individual optical cycles, i.e. is 
fringe resolved. Using this method it is possible to measure the frequency chirp 
present on a pulse. This process has been modelled for Gaussian pulses, see 
Figure 2.6. Figure 2.6 (a) shows a transform-limited pulse, with (b) and (c) 
showing pulses with increasing linear chiip. The chirp has the effect of reducing 
the visibility of the fringes, since the wings of the pulse cannot interfere fully. 
For large degrees of chirp, as in Figure 2.6 (c) then the autocorrelation tends to 
the intensity autocorrelation case.
2.3.2 Frequency-domain measurements
The temporal measurement of an ultrashort pulse is not sufficient in itself to 
properly classify the quality of a laser pulse; it is also necessary to measure the 
optical spectrum. The measurement of the spectral bandwidth can be used in 
determination of pulse profiles. The value obtained for spectral bandwidth can
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Figure 2.6
Calculated interferometric autocorrelations fo r  Gaussian pulses having: (a) no 
frequency chirp, (b) a frequency chirp parameter o f 1  and (c) a chirp parameter 
o f 3.
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then be used to calculate the duration - bandwidth product of the pulse in 
question.
The spectral characteristics of a mode-locked laser can be determined by 
measurements at either optical frequencies or radio frequencies corresponding to 
investigation of the spectral bandwidth of the pulse or examination of the 
repetition frequency of the laser. Together with pulse duration measurements, 
the former can give an estimation of the amount of chirp present within each 
pulse in the mode-locked output. The latter can give details of the phase noise or 
timing jitter of the mode-locked pulse sequence and provides information about 
the stability of the laser.
Measurements of the pulse intensity spectra were made using a Rees 
Instruments R202 Laser Spectrum Analyser, this provides a real time 
representation of the spectral content of the pulses, which can be displayed 
directly onto the oscilloscope. The resolution of this instrument was 
approximately 0 . 1  nm, which is acceptable to resolve picosecond pulses, as these 
have bandwidths of the order of ~ Inm.
2.4 The Ti:sapphire Pump Laser
As discussed previously the performance of any OPO is dependent on the quality 
of the pump source, in this section a description of the Ti:sapphire pump laser is 
given.
2.4.1 Ti:sapphire laser configuration
The laser used as the pump source for the picosecond optical parametric 
oscillators described in the following chapters was a commercial self-mode- 
locked Ti:sapphire laser (Spectra-Physics, Tsunami) which is configured for 
picosecond operation. For a description of the Ti:sapphire laser gain medium 
and the process of self mode-locking, see reference [15].
The main requirement for laser action under continuous-wave (cw) pumping 
is that the unsaturated round-trip cw gain must be larger than the round-trip loss 
from all sources. To achieve a sufficient cw gain it is necessary to have a high 
inversion density coupled with an adequate length of Ti:sapphire material. A 
high inversion density is achieved by having a high pump intensity as well as a 
large Ti^+ ion concentration. The largest source of losses in the Ti:sapphire laser 
are from losses in the Ti: sapphire material itself, this loss is proportional to the 
rod length and varies with the Ti^+ concentration, generally increasing as the
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Ti^+ concentration increases. Other sources of loss are from absorptions in 
mirror coatings and Fresnel reflections from polished surfaces.
In a Ti:sapphire laser the pump beam must be collinear with the cavity mode 
over a suitably long length of the laser rod. To achieve a continuous, high 
inversion density over the entire volume of a rod, which is several millimetres in 
diameter can be difficult. This problem is solved by using a technique called 
longitudinal pumping in which the pump light is focused to a narrow line within 
the rod, the oscillating laser mode is then focussed in a similar manner. The two 
modes are then overlapped within the same volume. The output beam is then 
collimated and expanded to normal size. The unused pump beam is dumped 
through the second cavity focus mirror. The laser has a purge regulator/filter 
unit connected between an external nitrogen supply and the laser head to remove 
dust and water vapour and provide clean, dry nitrogen gas to purge the sealed 
laser head. A chiller keeps the Ti:sapphire rod at a constant temperature for 
performance stability.
2.4,2 Experimental configuration
Figure 2.7 shows the six-mirror folded cavity the of the Ti:sapphire pump laser. 
While folding the cavity produces a compact laser, it makes pumping
Fast
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Window
Input Brewster 
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Residual Pump Beam
Figure 2.7
Cavity configuration o f the self-mode-locked Ti:sapphire laser.
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the system more complex. Using a focusing mirror at an angle other than normal 
incidence creates astigmatism, this can be eliminated by other cavity elements 
such as a Brewster angled rod. If astigmatism is not eliminated in folded cavity 
geometries this leads to the creation of output beams that are elliptical and hard 
to focus. The astigmatism in the output beam can however be virtually removed 
by carefully choosing the angles of the cavity focus mirrors and the length of 
rod. Astigmatism will still however exist within the laser rod. The pump beam 
must therefore also be astigmatic to achieve efficient coupling between the pump 
and intracavity beam. The use of a concave focusing mirror used at other than 
normal incidence and at the proper angle can generate astigmatism in the pump 
beam that will match that of the cavity mode. This result in a laser that will have 
a high conversion efficiency and a good beam quality.
2.4.3 Experimental Results
2.4.3.1 Tuning and Power Characteristics
If the Ti: sapphire laser is to be used as a pump source for optical parametric 
oscillators then it must be capable of producing several hundred milliwatts of 
average output power. The Ti:sapphire laser was pumped by a small-frame 
spectra physics 2060 argon ion pump laser which can supply 10 W of broadband 
power. With a pump power of 10 W from the argon ion laser the typical average 
output power when self-mode-locked was approximately 1.7 W.
To obtain broadband tuning, the Tsunami uses a biréfringent filter to tune 
over its entire wavelength range. The biréfringent filter consists of two 
ciystalline quartz plates, which are placed one on top of the other, these are then 
inserted into the laser cavity at Brewster’s angle. The plates are cut parallel to 
their optical axes and their birefringence causes the linear polarisation of the 
incident laser beam to become elliptical. As a result only one wavelength will 
make a complete 180° (or multiple thereof) polarisation flip and remain linearly 
polarised; all the other wavelengths will remain elliptically polarised. The 
elliptically polarised wavelengths will suffer loss at each Brewster angle surface 
within the cavity and will fail to reach lasing threshold.
The Tsunami biréfringent filter has a free spectral range of approximately 
150 nm. This free spectral range represents the difference between the adjacent 
eigenwavelengths, which are the wavelengths that remain linearly polarised after 
passing through the filter. Rotating the filter about an axis normal to the plates 
changes these eigenwavelengths. Although the broad tuning range of
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Figure 2.8
Output power and tuning range obtained from the five available Ti.sapphire 
mirror sets, for a pump power o f 10W,from ref [16].
Tirsapphire overlaps two "orders" of the filter, the narrower wavelength range of 
the mirror set allows only one order to oscillate at a time. The filter is rotated 
approximately 10° to select one of the two "orders", namely either 720 to 850 
nm or 840 to 1080 nm.
To cover a tuning range of 720 nm to 1080 nm the Tsunami requires three 
different mirror sets, but five are available. The tuning and output power 
produced for an aigon pump power of 10 W by these mirror sets have been 
reproduced from [16] and are shown in Figure 2.8. It can be observed that the 
largest output power is obtained for the 700 nm set (a) with nearly 2.4 W being 
obtained. However over 1.5 W of power is produced for all mirror sets except 
the higher wavelength set for which only 500 mW is produced. The mirror set 
used on the pump laser used in this thesis were the 770 nm set, which can be 
seen to produce ~1.5 W at the centre of the reflectivity band. However it was 
possible to obtain in excess of 12 W from the argon ion pump laser used in this 
work, this resulted in the output power increasing to 2.2 W as shown in Figure 
2.9. Measurement of the output power against input power is useful as this can
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give an indication of the slope efficiency of the laser, i.e. the rate of energy 
transfer from the argon to Ti:sapphire laser. Figure 2.10 shows that the 
Ti:sapphire laser has a threshold of 4 W and a slope efficiency of 28 %. A 
proportion of the output power was required for diagnostic purposes to monitor 
the output pulses and a further fraction was lost at steering and isolator optics. 
These processes led to a reduction of some 200 mW from the laser output, 
however, the output power was still large enough to make this system ideal for 
the pumping of the picosecond OPO system.
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Figure 2.9
Measured output power o f the Ti:sapphire laser and tuning from  the 770 nm 
tuning set, fo r  an argon ion laser pump power o f 12 W.
2.4.3.2 Pulse Durations
Variation of pulse durations is achieved by the use of a device called a Gires- 
Tournois Interferometer (GTI), this device is similar to a Fabry-Perot 
interferometer, with an exception being that the first m inor is a partial reflector 
instead of a high reflector. It has the benefit of being highly reflective over a 
broad spectral range, yet introduces a frequency-dependent optical phase shift. It 
also provides an adjustable negative group velocity dispersion (GVD) that can 
compensate for the positive GVD introduced by the optical components in the 
laser cavity.
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Figure 2.10
Output power against input power fo r  the Ti: sapphire pump laser.
The Tsunami also has a Brewster angled Acousto-optic (A /0) modulator 
which is driven by a low-power radio frequency (rf) source. This modulator 
ensures an 81 MHz nominal pulsing action at laser start up. It also prevents the 
dropouts or shut-downs associated with standard passive mode-locking systems 
and so allows the laser to operate for extended periods of time. Autocorrelation 
measurements have been performed on the laser so that the pump pulse durations 
can be determined across the entire tuning range of the Tsunami. If a sech^ 
pulse shape is assumed, then it can be seen from Figure 2.11 that the laser 
produces pulses of the order of 1.1 ps, these pulses can be extended out to -  2.5 
ps by simply varying the position of the GTI. This autocorrelation was 
performed at a wavelength of 800 nm. The optical spectmm can be seen to have 
no modulation present, which indicates that there is no SPM present. The time 
bandwidth product of 0.335 indicates that the pulses obtained from this laser are 
transform-limited. The pulse durations were measured across the entire laser 
tuning range, with the available mirror set, with the results being depicted in 
Figure 2.12. It can be observed that the pulse durations remain constant at -  1.1 
ps. Measurement of the amplitude noise of the pump laser is also a very 
important consideration as any fluctuations in this laser will be passed onto the
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Figure 2.11
(a) Intensity and (b) interferometric autocorrelation, and (c) spectrum o f  
Ti.'sapphire output pulses at 800 nm. The pulse duration determined from  the 
intensity autocorrelation is 1 . 1  ps, with a corresponding time-bandwidth product 
0.335.
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OPO itself, hence it is of paramount importance that the Tiisapphire has as low 
an amplitude fluctuation as possible.
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Figure 2.12
Variation o f the pump laser pulse durations across its entire tuning range.
2.4.3.3 Amplitude Noise
The amplitude noise on the output of the Ti:sapphire laser was investigated by 
monitoring the output pulse sequence on an oscilloscope using a fast silicon 
photodiode. Intensity fluctuations of the order of 1 % were measured from the 
output of the Ti:sapphire laser, when using a 10 ms timebase on the oscilloscope. 
An oscillogram showing the output pulse sequence is displayed below in Figure 
2.13. Results presented later in Chapter 4 describe a comparison between the 
amplitude noise present on a picosecond OPO and the intensity fluctuations of 
the pump laser and so this value is very important.
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Figure 2.13
Oscillogram showing the amplitude noise (intensity fluctuations) on the output 
pulse sequence from the self-mode-locked Ti.'sapphire laser.
2.5 Conclusions
In this chapter a description of the effects governing the propagation of ultrashort 
pulses in transparent optical media has been given. Additionally a description of 
the diagnostics required to characterise the temporal and spectral components of 
ultrashort laser and OPO pulses has been presented. Finally a detailed 
description has been presented of the performance of the self-mode-locked 
Ti:sapphire laser used as a pump source for the optical parametric oscillators 
described in subsequent chapters. In typical operation the laser has 
demonstrated an average output power of over 2.2 W. The laser produces 
transform-limited 1.2 ps pulses across the continuous tuning of the laser of 770 - 
910 nm. In Chapter 3 the important features relating to the design of a 
picosecond optical parametric oscillator will be discussed in detail.
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3.1 Introduction
In this chapter a description is given of the process by which a picosecond OPO 
is conceived and designed. In Chapter 2 a description was given of pulse 
propagation in nonlinear media. Many of the concepts presented in that section 
are still relevant for the description of pulse propagation in optical parametric 
oscillators (OPOs). A very important element in any OPO is the nonlinear 
crystal. An outline is given as to how the choice of nonlinear crystal is made to 
meet the tuning and temporal requirements. The Chapter commences with a 
discussion of the theoiy relating to the parametric interaction of electromagnetic 
waves in nonlinear crystals. The Chapter concludes with a discussion of all the 
other relevant features relating to the design of a picosecond parametric 
oscillator.
3.2 The optical parametric oscillator
Optical parametric oscillators are devices that have been developed a great deal 
over the past decade in an attempt to extend the available tuning ranges from 
conventional pump sources. An optical parametric oscillator is a device that 
consists of a nonlinear crystal being placed within a resonator, in a similar
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manner to a conventional laser, as shown in Figure 3.1. A high power wave at 
frequency cOp is passed through the nonlinear material resulting in the generation 
of two output waves at frequencies cOg and O);, given by.
COr> — COc 4" COi (3.1)
The high power wave cOp is conventionally known as the pump, with the 
higher frequency generated wave known as the signal and the lower frequency 
field known as the idler. Gain will be experienced at the frequencies cOg and coj 
through a difference frequency mixing process provided that the phase-matching 
condition shown below is satisfied.
— kg + kj (3.2)
Where k represents the wavevedtor in the nonlinear material.
Pump ((ùp)
.
Nonlinear
Material
Signal (CÛ5) 
Pump (CO/?) 
Idler (CO/)
Mirror Mirror
Figure 3.1
Schematic representation o f an optical parametric oscillator.
When both the above conditions are satisfied an input pump frequency will 
result in the generation of a pair of signal and idler frequencies. The magnitude 
of these frequencies will depend on the value of the pump frequency and the 
dispersion of the nonlinear medium. The value of the signal and idler 
frequencies can be changed by a number of methods, although all involve the 
variation of the refractive indices of the material in the direction of propagation. 
Changing the pump wavelength results in a change in the generated signal and 
idler values due to the wavelength dependence of the refractive indices. This is a 
useful method to extend the limited tunability available from the pump laser. 
When a fixed wavelength pump source is used then the tuning is achieved by 
either varying the crystal angle with respect to the pump beam or by changing 
the crystal temperature. This process therefore allows a laser with little or no
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tunability to acquire the capability to access a large section of the optical 
spectrum,
3.3 Cavity design considerations
This section describes the choices that are available in the design of the OPO 
resonator. The choice of resonator can effects features such as the threshold of 
the system and the conversion efficiency of the parametric interaction. These 
can in turn affect the output power and pulse durations obtainable from the OPO.
3.3.1 OPO cavity considerations
As discussed previously an OPO is in many respects similar to a conventional 
laser, in this respect the OPO cavity may provide feedback at either at one of the 
frequencies cOg and (Oj or both. For the case where only one of the waves is 
resonated, generally the signal then this is described as a singly-resonant 
oscillator (SRO). When both cOg and coi are resonated then this is referred to as a 
doubly-resonant oscillator (DRO).
The threshold condition in a OPO is similar to that in a laser, except in this 
case oscillation takes place when the single-pass gain experienced by the 
resonating wave exceeds the round-trip cavity losses. Both types of oscillators 
have positive and negative features. In the DRO both the signal and idler waves 
resonate which results in a lower oscillation threshold due to the higher gain 
available in this system. Problems do however occur in DROs due to the fact 
that both the signal and idler waves must be resonant simultaneously in the 
cavity. This results in only certain cavity lengths being suitable to meet the 
simultaneous resonance condition, which leads to mode-hopping effects that 
result in poor output stability.
The SRO will have a higher threshold than the DRO but due to the fact that it 
only requires the resonating of one wavelength component results in it producing 
a far superior output stability. It is therefore more desirable to operate in the 
SRO regime, so that a better degree of stability can be produced on the OPO 
output. This better stability performance outweighs the disadvantage of a much 
higher operational threshold. For certain applications, such as pump-probe 
spectroscopy a high degree of output stability is required, this type of operation 
will only be obtained from the singly-resonant oscillator.
Three pumping schemes exist to meet the high operational threshold of the 
SRO system. The first approach is use high peak power pulsed laser systems. A
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second approach is to use quasi-continuous wave mode-locked operation within 
the duration of a Q-switched pulse envelope, this approach is however 
undesirable for operations that require a continuous train of identical pulses, 
such as in time resolved spectroscopy. The most common method in ultrashort 
pulse OPOs and the one of choice in all the work described in this thesis is the 
cw synchronous pumping geometry. In this arrangement the OPO cavity is 
designed such that the resonant signal wave is synchronous with the cw mode- 
locked pump laser pulse repetition period. This involves matching the pump 
laser and OPO laser cavity lengths. In this system the gain of the signal pulse is 
replenished on each occasion it returns to the nonlineai' crystal as it is then met 
by the following pump pulse. One of the disadvantages of this system is that 
gain is only produced when a certain degree of overlap between the pump and 
the signal pulses exists in the nonlinear crystal. This puts a constraint on the 
choice of crystal material and orientation that can be used in this type of 
resonator.
3.3.2 Synchronously-pumped cavities
As is the case with a laser a multitude of resonator configurations exist that can 
be utilised in an OPO. It is necessary to consider the properties of many of these 
resonator designs so that a decision on the most appropriate for a particular 
requirement can be made. As discussed in the previous section it is essential to 
minimise the OPO threshold of the system so that operation many times above 
threshold can be achieved, for the following reasons.
An important feature in synchronously-pumped OPOs is the requirement to 
match the cavity lengths of the OPO and the pump laser to an interferometric 
degree. Any small mismatch between the cavity repetition periods of the pump 
laser and the OPO results in a reduction in pump and signal pulse overlap, which 
leads to a drop in efficiency and ultimately to a cessation of operation.
Two configurations of OPO resonator have been considered for the work in 
this thesis, namely the three-mirror (V) standing-wave cavity and the four-mirror 
ring cavity, which are shown in Figure 3.2. These cavities are designed such that 
intracavity mode size of the resonant wave will be of the order of 20 p,m. This 
leads to high intensities being present which produce low threshold operation 
and results in large conversion efficiencies and high output powers being 
achieved.
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(a): V cavity Arrangement (b): Ring cavity Arrangement
Figure 3.2
Schematic o f V and Ring cavities.
Each of the two cavities have advantageous and disadvantageous properties. 
A major difference between laser and OPO operation is that in an OPO 
configured for single-pass pumping, as is the case in this work, phase-matching 
demands lead to the situation that the pulse only experiences gain when 
travelling in a forward direction through the OPO crystal.
In the V cavity this results in the resonating pulse experiencing a single gain 
pass of the crystal for four mirror reflections and a passage through four crystal 
surfaces. The ring cavity on the other hand experiences a single pass gain of the 
crystal for four mirror reflections and travel through only two OPO crystal 
surfaces. The ring cavity therefore produces a lower threshold. There is 
however a downside to this configuration which is that it has a very low 
alignment tolerance, this can lead to a great deal of added difficulty being 
introduced for only a small increase in gain. The standing-wave three-mirror V 
cavity is therefore the cavity of choice in this work.
Two main options exist for cavity loss reduction when concerned with 
crystal features. These are whether to use a Brewster angled crystal or an anti 
reflection coating, there are of course pros and cons in respect of each. A 
Brewster angled crystal is useful if operating with a crystal material that 
experienced difficulties in coating or if extremely high operating temperatures 
are being used which may lead to coating damage. If the ellipticity of the output 
mode is of importance then a Brewster-angled geometry should be chosen as this 
can provide complete astigmatic compensation, the use of such a ciystal can 
however lead to alignment difficulties. An antireflection-coated crystal used at 
normal incidence is the preferable choice in this work because it provides easier 
cavity alignment. Advances in reflection coating techniques have also resulted 
in excellent quality coatings now being available that can operate readily up to
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temperatures of up to and beyond 250 °C. Astigmatic problems can be 
minimised by keeping the resonator fold angle tight, e.g. angles of 2-3 degrees 
can easily be achieved.
3.3.3 Threshold predictions in an optical parametric oscillator
When designing any OPO system it is essential that the chosen crystal will 
provide a threshold that is accessible by the pump laser available. To obtain 
oscillation in an OPO the single pass gain of the nonlinear crystal must exceed 
the roundtrip losses of the resonator, in a similar manner to a laser. It is 
important to minimise the threshold of the OPO as this leads to greater output 
powers from the system as well as greater stability. Several factors effect the 
threshold of a device, these include a combination of crystal properties and 
resonator design. One of the main factors affecting threshold is the correct 
matching of the pump and cavity mode focusing in the resonator.
Models to predict the pump power threshold expected from an OPO have 
been devised by a number of authors, for different resonator designs, although 
all concentrate around the importance of pump focusing on parametric 
generation. Work has been carried out for singly-resonant [1 ,2] and doubly- 
resonant oscillators [3], with some studies concentrating on both type of system 
[4, 5]. Most of these studies have however made a number of assumptions and 
simplifications in the formulation of the models. Boyd and Kleinmann [3] 
assumed that the confocal parameters of the pump, signal and idler beams were 
equal to each other, where the confocal pai’ameter of a beam is defined as:
b = ^  (3.3)
where Wq is the radius of the beam waist formed in the crystal.
The analysis of Kieuzer [1], involved the use of only plane waves and did 
not take into account the Gaussian nature of laser beams. Bjorkholm [4, 5], 
again used a plane wave assumption with no estimation of the signal and idler 
beam sizes being made. This model did however use the Gaussian beam size of 
the pump wave to calculate the pump beam intensity. In the Brosnan and Byer 
model to estimate OPO threshold power the size of the resonant signal beam size 
is determined from the pump beam size and not from the characteristics of the 
optical cavity [2 ].
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The most complete model, to date of this important feature has been 
performed by Guha, Wu and Falk [6 ] who derived general expressions for pump 
intensity thresholds for both singly and doubly resonant systems. The pump 
power threshold Pth for a singly resonant system has been calculated in terms of 
the pump, signal and idler frequencies and a focusing term hs, this is shown 
below in equation (3.4).
e.n,n,iipC (^k, + kp)
1280),(0|X^7c"lh,k,k,= 2,. . ■ (3.4)
is the cavity roundtrip loss with hg being a factor which describes how the 
efficiency of the parametric interaction is affected by focusing. The focusing 
factor hg is dependent on many factors, namely the wavelength, crystal length, 
walkoff angle and the confocal parameters of the resonated and pump beams. 1 
is the crystal length. All factors with dimensions should be expressed in S.I. 
units, this does however require a conversion for the % factor as this is generally 
expressed in esu units, the conversion factor is shown below,
3x1% (esu units) =  d^ f^ (SI units) (3.5)27C
To use this model an estimation of the focusing factor hg must be made. It 
was calculated in the model that hg maximises at « 0.25 for optimum focusing 
when the confocal parameters of the pump and signal waves are equal. It was 
also calculated in this model that it is not necessarily the case that the largest 
values of hg are obtained when the confocal parameters of the pump and resonant 
waves are equal. It is in fact possible to produce comparable and indeed in 
certain situation when bg > bp a larger value of hg when unequal pump and signal 
confocal parameters are used. This is a positive result as experimentally it is 
very difficult to achieve a situation in which the pump and signal beams will 
have equal confocal parameters.
This type of threshold analysis has been performed on the OPOs described in 
this work, with the results being shown in subsequent chapters. An important 
consequence of this model is that it can be seen that the threshold power varies 
inversely with crystal length, this therefore implies that longer crystals should 
provide lower thresholds, as more gain is accessible.
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3.4 Essential crystal properties
When considering an nonlinear crystal as a possible candidate for use in an OPO 
it is not sufficient to consider only phase-matching conditions. There are several 
other crystal properties that must be considered, namely optical transparency and 
optical damage threshold.
3.4.1 Optical transparency
For an OPO to operate optimally in a particulai* wavelength range it is desirable 
if as little absorption as possible is present in the crystal, i.e. it is necessary for 
the nonlinear crystal to have a high degree of transparency at the pump, signal 
and idler wavelengths. Absorption will lead to reduced system performance and 
crystal heating, which may result in damage to the crystal. The optical 
transparency of the nonlinear materials used in this work are as follows. LBO is 
transparent in the range 160 nm - 2.6 |im [7] and so can be seen to have cutoff 
frequencies in the near-infrared, KTA on the other hand has an optical 
transpaiency of 350 nm - 5.3 pm [8 ] and so has an extended transparency into 
the mid-infrared.
3.4.2 Optical damage threshold
It is important when making a choice of nonlinear material that it can withstand 
the very high intensities produced by pulsed or mode-locked lasers for a 
prolonged period, i.e. it is no good if a crystal meets all the requirements to make 
it a good candidate for OPO work if it cannot withstand the incidence of the 
focused pump pulses for prolonged period without damaging. The damage 
threshold of a nonlinear crystal is dependent on many factors, with the most 
important being the wavelength, pulse duration and pulse energy.
Optical damage is in general more of a problem in Q-switched nanosecond 
pulsed systems in which pulse energies are very high in comparison to the low 
average powers produced from the high repetition rate lasers used to 
synchronously pump the OPOs in this work. LBO is characterised by having 
one of the highest known optical damage thresholds of any nonlinear crystal of > 
15 GW/cm^ [9]. KTA has a very similar chemical stmcture to KTP and so can 
be assumed to have a damage threshold similar to the value of > 500 MW/cm^ 
[9, 10, 11] reported for KTP. Previous experiments in cw mode-locked 
picosecond OPOs have reported thresholds of the order of -100 MW/cm^ [12],
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and so optical damage is not thought to be a major consideration in the systems 
being constructed in this work.
3.5 The coupled-wave equations
In §3.2 it was stated that an OPO is capable of producing a tunable signal and 
idler wave from a pump wave. In the following section a discussion is presented 
on how this process occurs, what governs the generated values of signal and 
idler as well as the factors that influence the conversion efficiency of this 
process. A description is given of how to derive a general equation that 
describes any steady state three wave nonlinear process.
The starting point for any description relating to the interaction of 
electromagnetic waves and optical media is Maxwell's equations. The 
pai'ametric process is a three wave interaction, involving the interaction of three 
travelling waves of different frequencies. For this interaction it is important to 
determine the response of the optical medium as the three constituents waves 
propagate through the medium. This response is described by the wave equation 
in a nonlinear medium. An excellent description of the derivation of the 
nonlinear wave equation is given by Boyd [13].
3.5.1 The nonlinear wave equation
When a high intensity electric field interacts with an optical material then it is no 
longer sufficient to describe the induced polarisation of that material in terms of 
the linear susceptibility as the response of that material may become nonlinear. 
The polarisation is instead expressed in the series given below,
P ~ X(2)^o^ X(3)^o^ — (3-6)
where is the linear susceptibility and %^2) Xo) higher-order 
nonlinearities in the dielectric response of the material.
Different nonlinear phenomena are associated with different terms in 
equation 3.6. Pulse propagation effects resulting from %(i) and X(3) have already 
been discussed in Chapter 2. The most important factor in this chapter is the %(2) 
susceptibility term with nonlinear processes resulting from this term being 
referred to as second order effects. These include all three wave interactions 
such as second harmonic generation, sum/difference frequency mixing and 
optical parametric oscillation. Nonlinear effects relying on X(2 ) will only be
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observed if the material is a non-centrosymmetric media, i.e. lacks inversion 
symmetry [13].
Maxwell's equations relate to the response of the internal electric field E of 
an optical medium when a driving polarisation P is presents. These equations 
are expressed as
V x E  = - ^ ,  and V x H  = ^  + J (3.7)dt dt
These expressions are commonly used in conjunction with the following 
expressions,
D = £oE + P J = aE  B=jLioH (3.8)
to formulate the standard wave equation,
= (3.9)
3.5.2 Three wave nonlinear interactions
In this section the coupled wave equations are derived for a three wave 
interaction. If it is assumed that the electric fields are constrained to propagation 
in one dimension, under these conditions the fields aie described by the complex 
expressions,
E(z,t) = ~[E(z,co)exp j(k  • z -  cot) + E * (z,co)exp j(k • z + cot)] (3 .10a)
P(z,t) = — [P(z,co)exp j(k ■ z -  cot) + P * (z,co)exp j(k • z + cot)] (3.10b)
using the further assumption of the slow variation of the complex field envelope 
with distance, in which second order derivatives can be neglected, this leads to 
the form of the wave equation given below,
^ + a E  + i ^  = & ^ P  (3.11)dz c dt 2 n
where a  = |lo ^  c/ 2  is the electric field loss coefficient.
When considering the nonlinear polarisations of three interacting waves, 
related by coi + 002 = CO3 , (as is the case for optical parametric oscillation) it can
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be shown (using equations 3.10) that the polarisation relating to each frequency 
component is dependent on the electric field component of the other two 
frequency components, as shown below:
P (COi) = 2 deff £o E  (CO3 ) E  * (CO2 )
P (0 2 ) = 2 deff 8 0  P(C03) ^  *(®i) (3.12)
P (CO3 ) =  2 deff £ 0  P  (CO 1) P  (CO2 )
A general equation can then be derived that describes any steady-state three- 
wave nonlinear interaction by substituting the polarisation expressions into 
Equation (3.11). The resulting expressions which have been derived by various 
authors [14-16] are shown below:
^  + a,E , = jK ,E ,E ;e"" (3.13a)dz
dE + a 2E 2 =jK 2E3E;e^^^ (3.13b)dz
dE. + a 3E3 - jK 3EjE2e (3.13c)dz
where P ; denotes P  (coi) etc and with,
Kj = , a i = po C7i c/ 2  ,n:C
CO3 = coi + CÛ2 , k3 = ki + k2  + A k.
(3.14)
The coupled wave equations given in equations 3.13 can be used to analyse 
any second order nonlinear effect. There are two important features of these 
equations; the first is that they describe the energy transfer between particular 
frequency components as each wave travels through the crystal. For the case of 
an OPO they demonstrate that as the pump beam moves through the crystal it 
will convert to signal and idler radiation until a point that all the energy resides 
in the signal and idler wavelength components. Progression past this point will 
result in the commencement of conversion back to the pump wavelength. An 
important feature of equation (3.13) is that it shows that the conversion 
efficiency of the three wave processes is governed by the quantity Ak. 
Maximum conversion will occur when Ak = 0, with any variation away from this
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condition resulting in conversion efficiency being reduced by a factor of sine 
(Akl /2) where 1 is the length of the nonlinear medium. The factor Ak represents 
to what degree the system being considered is phase-matched (see §3.7).
3.6 The effective nonlinear coefficient
When considering a material as a candidate for an OPO it is necessary to ensure 
that sufficient conversion from the pump to the signal and idler waves will take 
place. The effective nonlinear coefficient, deff, which is usually expressed in 
units of pm/V, is a measure of the degree of coupling between the three fields 
that a wave of a given polarisation and propagation direction will experience on 
travelling through a material in the presence of two other intense fields and so 
governs the degree of energy transfer between the three interacting fields.
When a field is applied to an optical medium the polarisation response in a 
particular' direction will be determined by field components in several directions. 
The relationship describing this process is given below, see [13]
Pi(t) = S2d£>e„Ej(t)E ,(t) (3.15)
ijk
where djj^  ^ is the nonlinear susceptibility tensor.
It is possible to combine the indices j and k into just one, namely 1, because 
the order of multiplication of the independent fields Ej and Ek has no bearing on 
the value, this results in dÿk being reduced to a 3 x 6  matrix, d;i . These indices 
are generally number from 1 to 6 , with the jk  reduction to 1 leading to the 
simplifications , 11 —> 1 , 2 2  -> 2, 33 ^  3, 23 = 32 4, 13 = 31 -> 5, and 12 =
2 1 ^ 6 .  The number of independent components of tensor dn can be further 
reduced to only ten components by applying a procedure known as Kleinman's 
conjecture which exploits symmetries which exist in most materials away from 
absorption regions [13, 17],
These simplifications leads to the effective nonlinear coefficient being 
defined by.
Pi = deff Ej Ek (3.16)
For a material to be a viable choice for an OPO this must be as large a 
possible. Several description of how to calculate this quantity from first 
principles have been performed [13, 18].
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The effective nonlinear coefficient for the materials used in work, namely 
LBO and KTA are discussed later in Chapters 4 and 7.
The means of classifying the geometry and nonlineai* properties of an optical 
material has led to confusion in the past due to the use of various reference 
frames to describe different properties. The four different ciystallographic axes 
used are the piezoelectric axes (XYZ), which define the nonlinear susceptibility 
tensor, the crystallographic axes (abc), which describe the unit cell, the optical 
axes (xyz) to describe wave directions inside the crystal and the polar axes (123) 
where 3 is the spherical-polar axis (0 = 0) and 1 is the azimuthal axis (<j) = 0).
The (123) frame is equivalent to xyz with l=x, 2=y and 3=z , for a positive 
biaxial crystals and l=y, 2=z and 3=x for negative biaxial ciystals. Several 
authors have produced work on solving this confusion by standardising these 
axes sets [18, 19].
In the following section the factors effecting the phase-matching 
characteristics of a particular crystal or orientation are discussed.
3.7 Phase-matching considerations in nonlinear media
As discussed in §3.2 the essential feature of an optical parametric oscillator 
is its ability to produce extensively tunable signal and idler outputs. This tuning 
can be achieved by a number of methods, most commonly angle, temperature or 
pump-tuning. All the methods however rely on changing the refractive indices 
of the material in the direction of propagation. As discussed previously the 
parametric process will be most efficient when the phase-mismatch, Ak = 0.
To achieve a three wave nonlinear process, such as parametric oscillation, it 
is necessary to satisfy simultaneously the energy conservation equation given by ,
(O3 = CDi + CÛ2 (3.17) I
!
i
and the phase-matching condition given by ji
k3 = k i + k2  + Ak. (3.18) I
Using the fact that k = jn  and assuming Ak = 0 allows this expression to
be expressed in the form
n3 CL>3 = nicoi + n2C02 (3.19)
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The refractive index is a frequency dependent quantity, this effect is known 
as dispersion and results in the fact that in general, three waves of different 
frequencies will propagate in a medium at different phase velocities given by 
c/n. This would result in a low conversion efficiency occurring for the 
parametric process being considered. It is possible to compensate for this effect 
by using the phenomenon known as birefringence which is present in most 
nonlinear crystals. Birefringence describes the effect that the refractive index in 
such materials is dependant on the direction of propagation and polarisation 
through the medium.
It is therefore possible to choose the angle of propagation and polarisation of 
the three waves such that the birefringence will allow them to travel in phase 
with each other. Efficient generation and phase-matching can be produced 
simultaneously because of the situation that in many materials it is possible to 
couple energy from a wave of one polarisation to a wave of the orthogonal 
polarisation because of the presence of nonlinear susceptibilities.
When designing an OPO system with specific tuning demands, a phase- 
matching direction in the chosen crystal must be determined that will satisfy the 
system requirements. In such a situation it is necessary to be able to calculate 
the refractive indices associated with a given direction in the crystal.
The materials used in this work are biaxial, i.e. they have three independent 
refractive indices, with one associated with each of the x, y and z directions. The 
refractive index encountered by a wave polaiised along the arbitrary direction (0 , 
(()), (see Figure 3.3) can be described mathematically by the transcendental 
equation [20], which is represented in equation (3.20), where i represents the 
wavelengths 1, 2 or 3.
sin^0 cos^(|) sin^0 sin^(|) cos^O
This equation is used in conjunction with equations (3.17) and (3.19) to 
determine what wavelengths will be phase-matched from a particular 
combination of pump wavelength and crystal orientation.
The relative polarisations of the three waves in this form of interaction, i.e. 
œa = coi + 0)2 have two distinct forms. When the polarisations of and (0 2  are 
parallel then this is referred to as Type I phase-matching. The case where the
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polarisations of coi and CO2  are orthogonal is referred to as Type II phase- 
matching.
► y
X
Figure 3.3
Propagation in a biaxial crystal
3.7.1 Poynting Vector Walkoff in Biréfringent Crystals
A further important quantity relating to the conversion efficiency of a nonlinear 
process in a biréfringent medium is the Poynting-vector walkoff. The directions 
of the electric displacement vector D and the electric field vector E are, in 
general, not in the same direction in anisotropic media. It follows that the 
wavevector direction, k, and the energy propagation direction, given by the 
Poynting vector S=ExH, are also not in the same direction since k is 
perpendicular to both B and D, see Figure 3.4. The angle between k and S is 
known as the walkoff angle, this also represents the angle between the electric 
field vector E and the displacement vector D. In a biaxial crystal, a ray 
propagating in any direction other than along an optical axis will "walkoff" from 
the wavevector direction. This effect limits the efficiency of any energy 
conversion processes by reducing the spatial overlap between the interacting 
waves [2 1 ].
This property is veiy important in picosecond optical parametric oscillators, 
as the low peak powers involved in these systems results in the requirement to 
use longer crystal, this can therefore result in a laige 'walkoff problem. This 
problem is solved by using a non-critical crystal geometry in which all rays 
propagate along an optical axis, this phase-matching geometry is used 
exclusively in this work.
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Walkoff
Angle
E
k
S
Figure 3.4
The relationship between k and S with respect to E and D, with the walkojf angle 
indicated.
3.7.2 Temperature-tuning
As discussed above when operating in the picosecond time regime it is necessary 
to use non-critical phase-matching (NCPM) to avoid walkoff problems. This 
situation therefore precludes the use of angle-tuning and so another means of 
tuning must be used. The refractive indices of the material KTA are insensitive 
to temperature and so the only option available in this situation is to use a pump 
source that is tunable. The situation for LBO is quite different as the 
birefringence of this material is strongly temperature dependent. This means 
that by fixing the pump wavelength at a constant value and varying the 
temperature of the crystal it is possible to access a large wavelength region 
without having to resort to angle-tuning and so avoiding the associated walkoff 
problems.
3.8 The effect of momentum mismatch on parametric gain
If maximum conversion between constituent wavelengths in a nonlinear process 
is to be achieved then several criteria must be met. Three of these criteria have 
already been outlined, i.e. those of the need to achieve the ideal phase-matching 
condition of Ak = 0. The degree to which energy is coupled between the 
constituent frequencies depends on the nonlinear susceptibility d^ and the need 
to minimise the effect of walkoff.
A further important feature is the finite spectral and angular bandwidths of 
the interacting waves, this can result in a degree of imperfect phase-matching
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occuning in any process. In the following section these features are described in 
more detail with respect to the degree to which they effect ideal energy transfer.
3.8.1 Spectral bandwidth and acceptance angles
The spectral bandwidth and acceptance angles are concerned with the degree to 
which ideal phase-matching can be deviated from, while still producing a 
defined conversion efficiency [2 2 ].
It can be seen from Figure 3.5 that the efficiency of a three wave interaction 
process depends on the directions and magnitudes of the constituent 
wave vectors. The phase-mismatch is given by equation (3.21) below,
Ak =}ki ±k2 -koi (3.21)= kJ cos (p3 ± kg cos((p2 ~ 9s ) ~ kg
The efficiency of a nonlinear process is dependent upon the mismatch 
occurring between the wavevectors of the interacting waves according to the
power conversion factor s in c^ (-^^ ). These criteria are generally defined to be
the degree away from ideal phase-matching that causes the conversion efficiency 
to drop to « 50 % of the peak conversion efficiency that occurs when Ak = 0, 
this occurs when the maximum allowable wavevector mismatch has the 
following value
^  = 0 886m (3.22)
The spectral bandwidth and the acceptance angle are calculated by expanding 
the phase-mismatch condition in a power series centred around the exact phase- 
matching conditions, as shown below.
There will therefore be a maximum allowable variation away from the ideal 
case denoted by AX, which can represent the internal angle or wavelength in
these cases, that can be sustained while I Akl< .
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o
Optical Axis
Figure 3.5
Wavevector diagram defining the relative angles between interacting waves.
In certain situations, such as the non-critical phase-matching geometry that is 
used exclusively in this work the first order term can be small, in such situations 
it is necessary to expand the power series to the second order term.
The most important consequence of this work is that phase-matching 
bandwidth has a reciprocal relationship with crystal length. This limits the 
length of crystal which can be used in the three wave interactions of ultrashort 
pulses, due to the large bandwidths that must be supported in such pulses to 
produce transfonn-limited behaviour.
The acceptance angle is defined as the angle which causes the magnitude of 
the wavevector mismatch for the parametric generation process to reduce to no
less than The calculation of crystal acceptance angles is performed in a
similar manner to that of the spectral bandwidth, only in this case the parameter 
that is varied is the crystallographic angles. To define the acceptance angle 
correctly it is necessary to define two acceptance angles, namely (A0 and A(j) ). 
A second order analysis of this property has again been performed in Reference 
[22]. As mentioned previously all the work carried out in this thesis used non- 
critical phase-matching in which all the waves interact collinearly along a 
principal optical axis. In this situation the first two terms in the power series 
expansion become zero and so only the quadratic term is relevant, this leads to a 
large increase in the angular acceptance angles (A0 or A(j) ). The spectral and
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angular acceptance have been calculated for all the materials used in this work, 
with the results being presented in subsequent chapters.
3.9 Pulse duration evaluation in synchronously-pumped OPOs
There are many crystal parameters that effect the ultimate temporal and spectral 
width that can be obtained from a picosecond parametric oscillator, namely, the 
group velocity walkaway amongst the pump, signal and idler pulses, the group 
velocity dispersion and the spectral bandwidth. It is important that these 
properties are investigated before any crystal is considered for use as these 
effects can increase the threshold and cause output pulse broadening.
3.9.1 Group velocity walkaway
One of the most important crystal properties in an ultrashort OPO is the 
group velocity walkaway between the pump, signal and idler pulses. This 
mechanism affects the temporal overlap of the thiee waves which results in gain 
reduction and pulse broadening in the OPO. It is therefore imperative that the 
group velocity walkaway for a particular nonlineai* material or crystal orientation 
is calculated to check that this does not exceed greatly the duration of either 
signal or pump pulse, so as to maintain as high a conversion efficiency as 
possible. The group velocity walkaway has been calculated for the materials 
used in this work, with the results being given in subsequent chapters. The 
relevance of these results to the maximum useful crystal length is also discussed.
3.9.2 Group velocity dispersion
A further feature that will effect the duration of the resonant signal pulse in 
the OPO is the group velocity dispersion. This effect will cause an initially 
transform-limited pulse to broaden in pulse duration due to the fact that different 
wavelengths components of the pulse will propagate at different group 
velocities. As discussed in Chapter 2 it is possible to fully compensate for the 
effects of this dispersion by using an intracavity prism sequence.
3.9.3 Spectral bandwidth
Any nonlinear crystal has a limited phase-matching bandwidth, which if it isn't 
sufficient to accommodate the spectral component of a pulse will lead to pulse 
broadening and frequency chirping of the pulse. This can be a problem in 
femtosecond systems in which pulse bandwidths are of the order of tens of nms. 
In picosecond systems however, bandwidths are more typically of the order of <
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Inm and so this effect is less of a problem. As such crystals of lengths of the 
order of tens of mms can be used in picosecond systems.
3.9.4 Predictions of pulse durations in ultrafast OPOs
The prediction of the pulse expected from a synchronously-pumped OPO is a 
complex process as many interacting processes occur simultaneously. There 
have however been several attempts to achieve this goal. Two notable pieces of 
work are by Becker et al [23] and Cheung and Liu [24]. The similarities and 
differences in the results produced from these models will now be discussed.
The analysis presented by Becker et al [23] is the less complete of the two as 
they consider only the degenerate case of type I phase-matching, which results in 
the signal and idler pulses being treated identically, which is obviously not the 
full story.
The analysis presented by Cheung and Liu [24] is more complete as in this 
procedure the general case of non-degenerate signal and idler wavelengths in a 
singly-resonant oscillator is solved. Both model are, however, not complete as 
several important features have been neglected for simplicity, namely the effects 
of self phase modulation were not taken into account.
Although the models have some differences, some common results were 
found to occur; in both cases the pump pulse duration was found to limit the 
width of the signal pulse obtainable. It was also found in both analyses that the 
signal pulse duration was ultimately determined by the degree of pump depletion 
taking place. It was found that the intensity dependent parametric gain caused 
the pump pulses to broaden because it depletes the centre of the pulse 
preferentially over the wings. This has the knock-on effect that the OPO is 
actually being pumped by a longer pump pulses, which results in a longer signal 
pulse being produced. It is therefore found that signal pulses become broader as 
operation further above threshold is obtained. It is of course not desirable to 
operate close to threshold as this can lead to device instability and so a 
compromise position must be achieved. The two models produced different 
results when an actual prediction of the shortest signal pulses available were 
made. In the degenerate case Becker et al predicted output pulses as short as 
0.25 AXp, where Atp represents the pump pulse duration, whereas in the more 
complete, non-degenerate analysis, Cheung and Liu predicted the signal pulse 
durations to be restricted to around 0.4 AXp. The results of these models are 
compared with the experimental results in subsequent chapters.
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3.10 Conclusions
In this chapter all the relevant features required to design a picosecond optical 
parametric oscillator have been outlined, including the factors affecting the 
choice of nonlinear crystal and resonator design. In the subsequent chapters a 
complete characterisation of several OPOs systems is given, which will 
demonstrate that these types of devices are capable of producing high output 
powers across a wide spectral range from the visible to mid-infrared.
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4.1 Introduction
In the previous chapter the design criteria demanded for the operation of a 
synchronously-pumped picosecond optical parametric oscillator were discussed. 
These criteria are now used to construct a new source of tunable picosecond/sub- 
picosecond pulses for the near-infrared based on a singly-resonant OPO that uses 
LiBgOg (LBO) as the nonlinear material. This device is synchronously-pumped 
by a continuous train of picosecond pulses from a self-mode-locked Ti;sapphire 
laser. A detailed discussion of the results is presented in this chapter. A 
discussion of the properties of the material LBO is also given so as to indicate 
the suitability of this material for picosecond parametric oscillation in the 1-3 
pm wavelength region of the optical spectrum. A description of the 
experimental configuration of the OPO is given with a detailed chai acterisation 
of the results being presented. The described device is highly attractive as it is 
potentially tunable over a continuous wavelength range of 1-2.7 pm with a single 
LBO crystal, under temperature-tuned non-critical phase-matching. The 
combination of the Ti:sapphire pump laser and the LBO OPO represents a 
uniquely versatile source of picosecond/sub-picosecond pulses with extended 
tunability from 0.68 to 2.7 pm.
4.2 The nonlinear material LiBgOg
This section is concerned with the material and optical properties of LiBgOg 
(LBO) including its crystal structure and mechanical qualities. An outline of the
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phase matching properties and the effective nonlineai- coefficient are given. The 
LBO crystals properties are used to indicate the most appropriate choice of 
crystal orientation for this particular OPO.
b, Y, z
X
c, Z, y
Figure 4.1
The three axis systems (a,b,c), (X,Y,Z) and (x,y,z) and the polar angles 0 and (j). 
The angle 6  is measured from the z-axis to the x-y plane and the angle (f) is 
measured from x to y.
4.2.1 Structural and optical properties of LBO
The nonlinear material, lithium triborate (LBO), was first reported by Chen et al 
[1] in 1989. The nonlinear material LBO is an orthorhombic crystal. It is 
optically biaxial and belongs to the point group mm2. Following the 
crystallographic convention, the crystal diad is called the c axis and the other 
two axes, which are orthogonal, are called a and b, such that lal < Ibl. The 
piezoelectric axes X,Y, and Z coincide with the crystallographic axes a, b, and c 
such that X maps to a, Y to b, and Z to c. The axes of the index ellipsoid x, y, 
and z, which are defined such that the principle refractive indices are ordered n% 
> ny > n%, map to the crystallographic axes as x to a, y to c and z to b. The 
orientation of the three co-ordinate sets (a,b,c), (X,Y,Z) and (x,y,z) in LBO are 
shown in Figure 4.1. The angles shown in the diagram, 0 and (j), are measured 
with respect to the (x,y,z) axis set. The angle 0 is measured from z to the x-y 
plane and ({) is measured from x to y in the x-y plane. The nonlinear coefficients 
dijk are determined relative to the (X,Y,Z) axis set. To calculate the effective 
nonlinear coefficients at a propagation angle, (0 ,(|)), it is necessary to transform 
the (X,Y,Z) system. Thus the axes (X,Y,Z) map to (x,z,y), as shown in Figure 
4.1. The transmission range of LBO extends over 160-2600 nm (see Figure 4.2)
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Figure 4.2
Complete LBO Transmission spectrum supplied by Reference [2].
making it ideal for many nonlinear processes such as frequency-doubling and 
parametric oscillation from ultraviolet through to the near-infrared portion of the 
optical spectrum. LBO also possesses a damage threshold of 25 GW cm"2 for 10 
ns pulses which is the highest of all the commonly-known nonlineai* crystals [1 ]. 
The following section discusses the optimal choice of crystal orientation to 
maximise the effective nonlinear coefficient in LBO.
4.2.2 Nonlinear Coefficient
LBO has three independent nonlinear coefficients, namely dsi, dgi, and dgg, of 
which d3 3  is small, -0.2 pm/V, and may be ignored. Initial measurements for 
the other two coefficients given by Chen et al [1] were d3 i(yxx) = -L I pm/V and 
d32(yzz) = 1.46 pm/V at 1.064 p,m. More recent measurements [3] obtained 
values of d3 i(yxx)= L15 and d32(yzz) = L24 pm/V, again at 1.064 \im.
The maximum coupling is found to occur when one wave is polarised along 
y and the other two are polarised along z, i.e. propagation along the x-axis. In 
this case the expression for the deff is found via the expressions for the x-z and y- 
z planes.
In the x-z plane
deff “  dyxx^os^O + dyzzSin^O (4.1 )
where 0  is the angle between the z-axis and the x-y plane, and in the y-z plane
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deff — dyxxCosG (4.2)
For propagation along the x-axis when 0 = 90° in the x-z plane, the nonlinear 
coefficient deff = dyzz-
4.2.3 Phase-matching
For parametric generation, LBO can be phase-matched in a number of 
geometries under both type I and type II interaction, with non-vanishing 
nonlinear coefficients. However due to the nature of the OPO design in a 
picosecond synchronous system crystal orientations are restricted to non-critical 
phase-matching (NCPM) and so all further reference to LBO in this chapter will 
be to a NCPM geometry.
This can be accomplished along the crystal optic axes without the deleterious 
effects of spatial walkoff. Since LBO possesses smaller nonlinearities than, for 
example, KTP or BBO, the NCPM property can be exploited to yield 
comparable parametric gains with the use of longer interaction lengths. The 
NCPM geometry is also accompanied by large angular acceptance bandwidths 
so that tightly focused beams can be used without compromising conversion 
efficiency. These characteristics are particularly important in efficient 
parametric conversion of relatively low-energy, low-peak-power pump pulses 
with tightly-focused beams. This is the case with the high-repetition-rate pump 
pulses available from the picosecond Tiisapphire laser used in these experiments, 
where pulse energies of typically 10-20 nJ with peak powers of around 10-20 
kW are available in focused beam diameters of -50  |im  (FWHM). In the 
following section the reasons for the choice of OPO crystal are discussed with 
the most important crystal properties being modelled.
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4.2.4 The OPO Crystal
The choice of LBO as the nonlinear gain medium was governed in the main part 
by its unique and highly versatile tuning characteristics and tailorable phase- 
matching properties. In contrast to materials such as, KTP or BBO, LBO is also 
temperature-tunable, which leads to one of the most attractive properties of LBO 
for parametric generation applications, which is its exceptionally broad 
tunability under type I temperature-tuned NCPM along the optical x-axis of the 
ciystal. This unique feature allows efficient and wideband parametric conversion 
over extended and continuous spectral regions, without recourse to angle-tuning, 
which often results in a reduction in conversion efficiency and output power and 
requires adjustment of the OPO resonator. This was the cut of crystal chosen for 
our experiments for the reasons given above. All further work in this chapter on 
LBO will relate to this particular crystal cut.
4.2.5 Tuning characteristics
Since LBO was first reported [1], there have been a number of sets of Sellmeier 
equations published, each providing progressively improved fits to the measured 
OPO tuning ranges. Several sets of Sellmeier equations that have been reported 
to date, these are listed in [1, 3, 4, 5 and 6 ]. Several different reports of the 
temperature dependence of the LBO Sellmeier equations have also been made 
[6 , 7, 8 ]. The Sellmeier equations derived by Lin [6 ] and temperature 
dependence of the refractive indices reported by Velsko [7] provide the best fit 
to the experimental results and so are used in theoretical calculations involving 
LBO.
The phase-matching temperatures for type I parametric generation in x-cut 
LBO, for a range of pump wavelengths, have been computed, by following the 
algorithm of Hall et al [9] (see Appendix 1). The calculations were performed by 
solving the momentum conservation equation for type I propagation along the 
crystal x-axis, with the pump polarised parallel to the y-axis and the generated 
waves polarised along the z-axis, that is
—  _ -  Mz(Ag/ T) _  Q ( 4  3 )
Xi Uz{Xi,T) — Tiij{Xp,T)
where T is the phase-matching temperature. The temperature dependence of 
refractive indices ny and Uz was determined by expressing mj{X,T) and riz{X,T) 
in the functional form,
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ny(X,T) = ny{X) + ^ { T - T , )  (4.4a)al
m{X,T) = nz{X) + ^ { T - T « )  (4.4b)oi
where Tq is the room temperature and A is the wavelength in jum. The form of 
(4.4a) and (4.4b) allows computation of %(A,T) and nz(A,T) from the room- 
temperature Sellmeier relations for the material [7] and the thermal dependence 
of refractive indices [7]. Substitution of these parameters into (4.4a) and (4.4b) 
yields
ny(Ap,T) = ny(Xp)rp„ + (—13.6)10 ^(T — To) (4.5a)
nz(l:,T) = nz(X.)T, + (-6.3 4- 2.lAs)10-^(T -  To) (4.5b)
nz(Aj,T) = m(Ai)T. + (-6.3 + 2.lXj)10-"(T -  To)
For a given pump and signal wavelength combination, the energy conservation 
condition 1 /  A, = 1 /  Ap - 1  /  As determines all valid idler wavelengths. These 
can then be used in equations (4.5) and substituted in (4.4) to determine the 
phase-matching temperature T by an iterative method.
In Figure 4.3 (a), the calculated parametric tuning curves in type I LBO are 
depicted as a function of phase-matching temperature, for a range of pump 
wavelengths between 523.5 nm (frequency-doubled Nd:YLF laser) and 620 nm. 
It is seen that the phase-matching temperatures for wideband parametric 
generation steadily decline from above 200°C as the pump wavelengths 
increases from 523.5 nm. The rate of decline of the phase-matching temperature 
with pump wavelength in this region (around -2.5°C/nm) would imply that 
phase-matched interaction is not attainable at Tiisapphire wavelengths or at best 
possible only at cryogenic temperatures. Interestingly, however, the decline in 
the phase-matching temperature is halted at around 550 nm, with the tuning 
curve remaining essentially stationary for pump wavelengths between -550 nm 
and -650 nm. This can be seen from the overlapping tuning curves in Figure 4.3 
(a) corresponding to two pump wavelengths, 575 nm and 620 nm, in this region. 
Beyond -650 nm, the decline in the phase-matching temperature undergoes a 
reversal so that a steady rise in the temperature is encountered with increasing 
wavelengths. This is shown in Figure 4.3 (b) where temperature phase-matching 
curves are plotted for a range of Tiisapphire pump wavelengths between 700 and
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Figure 4.3
Calculated temperature-tuning range for parametric generation in type I  non- 
critically phase-matched LBO (6=90°, (j)=0°) fo r  (a) pump wavelengths between 
523.5 nm and 620 nm and (b) between 750 nm and 800 nm.
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800 nm. As can be seen from Figure 4.3 (b), Ti:sapphire-pumped parametric 
generation in type I LBO is possible at similar temperatures to those with 
frequency-doubled Nd:YAG or Nd:YLF pumping. This unique retracing 
behaviour in phase-matching is a consequence of the change in the birefringence 
of LBO at around 650 nm [6] and was first observed in second harmonic 
generation experiments by Lin et al [10]. The effect is also manifested in a 
different form by double-peaked parametric tuning curves where two distinct 
signal/idler pairs are simultaneously generated at a given phase-matching 
temperature (see Figure 4.3 (a)). This has been observed in parametric 
generation experiments in the crystal by a number of investigators. [6, 11, 12,
13]
4.3 Parametric generation conversion-efficiency properties
When considering parametric generation it cannot be assumed that the phase- 
mismatch condition Ak, is zero. This is due to the fact that laser pulses have 
finite bandwidths. It is therefore of interest to see the extent to which the pump 
beam can differ from the ideal case yet still provide gain at the signal and idler 
wavelengths.
The acceptance angle and spectral bandwidth are very important crystal 
features as these relate to the ultimate conversion efficiency that can be obtained 
from the pump to the signal and idler wavelengths. These two parameters limit 
the usable crystal length for a given pump beam divergence and linewidth.
Exceeding these values leads to gain reduction or back conversion to the pump 
wavelength.
4.3.1 Acceptance angle
The variation away from the ideal phase-matching case of Ak = 0, due to finite 
laser linewidths and beam divergences, is important because it effects the 
amount of gain produced at the signal and idler wavelengths.
The acceptance angle was calculated for type 1 NCPM in LBO. For NCPM 
the acceptance angle must be defined more fully [14]. To calculate the angular 
acceptance the phase mismatch condition Ak = kp-ks-kj is expanded about (|) =
(|)pm and 6 = 0pm, where (|)pm and 0pm are the exact phase-matching angles in the 
x-y (cj)) and x-z (0) planes, respectively
Ak(a) = Ak Aa + 1 ^  (A a f  (4.6)
act a=apm ^ a=ttpm ^
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Where ex — (j),0 and oCpm —
For NCPM the first two terms in the expansion Ak and dAkd a are equal to
zero, so that only the quadratic term is relevant. The acceptance angle is defined 
as the half angle in which the parametric gain is reduced by a factor of 2.
sin
This is the case for the (sinc^) function
when Ak 0.88671 (4.7)
Inclusion of the angular components of the refractive indices gives the values for 
Ak(()),0). This expression is then differentiated with respect to (|) and 0 to give 
values for the required derivatives, these are then substituted into (4.6) to give 
Ak, this is then equated to equation (4.7). In the geometry being considered the 
appropriate angles are (|) = 0 and 0 = 7C /2, substituting these values leads to the 
following equations for Ak in the (j) and 0 planes.
Ak(0) =
Ak((t)) = 1 1 {A(^ Ÿ = a((|))(A<t))^ (4.8a)
n Z.A.,
iK.r\ (A9)' (4.8b)
a(e)(A9)'
Equating (4.7) with (4.8) leads to the following solutions in the principal 
planes
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The calculated acceptance angles in the (j) and 0 direction in temperature-tuned 
LBO for non-critical propagation along the optical x-axis ( nx<ny<nz).
(j) direction
0.886x271
'(4») (4.9a)
0 direction.
Vl  A0 = 0.886 x 2 tca(e) (4.9b)
These results are plotted above in Figure 4.4
The NCPM allows the use of tightly focused beams because of the large 
angular acceptance angle in this geometry compared with critical configurations.
In critical phase matching a similar method is used, only in this case the
linear term of the phase matching expansion is non-zero, so the second dO
derivative of Ak is neglected. For an alternative discussion of acceptance angle 
see [15].
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4.3.2 Spectral acceptance bandwidth
The spectral acceptance bandwidth for phase-matching is also an important 
crystal parameter that needs to be considered. This quantity is particularly 
relevant in parametric generation of ultrashort pulses where large spectral widths 
are involved. The acceptance bandwidth can affect both the efficiency of 
parametric conversion and the signal and idler pulse durations. If the acceptance 
bandwidth is too small, the crystal can not accommodate the available spectral 
content of the pump and parametric pulses. This leads to gain-narrowing by 
lowering the gain available to the wings of the pulse so that the overall 
parametric gain is reduced, thus resulting in an increase in oscillation threshold. 
The spectral filtering of the parametric pulses can also limit the minimum 
attainable signal and idler pulse durations in an OPO if bandwidth generation 
due to self phase modulation (SPM) is not significant. The spectral acceptance 
bandwidth of LBO has been calculated by considering the phase-mismatch 
broadening relative to the pump spectrum (i.e. dAk /  dXp) and defining the 
bandwidth as AkL = 0.8867t. This leads to the following expression for the 
acceptance bandwidth, where L is the crystal length.
A^p.L = A-p (4.10)
Evaluation of this relation for type I NCPM in LBO yields the plot shown in 
Figure 4.5, where the variation in the pump acceptance bandwidth of LBO is 
shown as a function of signal wavelength. The bandwidth values are in the range 
2-9 nm.cm across the available tuning range. The spectral bandwidth 
corresponding to a transform-limited 1 ps pulse at 800 nm is around 0.7 nm 
(sech2 pulse shape assumed). Hence, for 1 ps pump pulses gain reduction due to 
spectral acceptance limitations in LBO is not significant even for crystals up to 
50 mm or longer. On the other hand, with 100 fs pulses crystals as long as 10 
mm may be used without serious degradation in efficiency.
4.4 Modelling of temporal effects
In the context of ultrashort-pulse parametric generation, there are a number of 
important temporal effects that also need to be taken into account when 
designing a OPO. These crystal properties are important in that a proposed 
crystal must satisfy all these requirement before it may be considered as a 
suitable OPO crystal. Lack of suitability in any of these areas may lead to an
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Figure 4.5
The calculated spectral acceptance bandwidth in temperature-tuned LBO 
(0=90°, (j)=0°). The pump wavelength is 800 nm.
OPO threshold that is above the available pump power. These important 
temporal features shall be discussed and modelled below.
4.4.1 Group velocity walkaway
A particularly important parameter is temporal walkaway between the pump, 
signal and idler which determines the degree of temporal overlap between the 
interacting pulses. Because of the absence of gain outside the temporal window 
of the pump pulse, a large temporal walkaway can result in significant reductions 
in parametric gain and can also lead to pulse broadening. This can limit the 
useful length of nonlinear crystal over which efficient interaction can occur. The 
effects of temporal walkaway can be estimated by evaluating the differences in 
the inverse group velocity between the pump, signal, and idler pulses, namely
-1 -1 (4.11)
where the group velocity is given by
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The variation in the inverse group velocity mismatch, between the pump,
signal and idler across the tuning range o f temperature-tuned LBO (6=90°, 
(j)=0°). The pump wavelength is 800 nm.
The result of these calculations can be seen in Figure 4.6 where the 
magnitude of the inverse group velocity mismatch, Avg~^, between the pump, 
signal, and idler in temperature-tuned LBO is plotted as a function of the signal 
wavelength. The pump wavelength is 800 nm. The calculations are based on the 
Sellmeier equations of Lin et al [6] and the temperature dependent refractive 
indices of Velsko et al [7]. It is seen that the temporal walkaway between the 
resonated signal and pump is limited to about 40-45 fs/mm across the tuning 
range with the corresponding signal/idler and pump/idler walkaway amounting 
to 0-180 fs/mm and 45-230 fs/mm, respectively. The walkaway between the 
pump and resonated signal has a first-order effect on OPO oscillation threshold 
and conversion efficiency [16] and is thus the most important parameter in 
determining the maximum useful interaction length.
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4.4.2 Crystal length calculations
It is possible to calculate the maximum useful crystal lengths. To restrict the 
broadening in pulse length to less than 10%, the maximum temporal dispersion 
between the pump and the signal wave pulses as defined by [14] as,
At = l ( v ; ' - v : ' )  (4.13)
should be less than half the pump pulse width. Where Vp and Vg represent the 
pump and signal wave group velocities. This means that the maximum 
permissible crystal length is given by
where is the pulse duration ( FWHM). If a crystal longer than this is used
then this will lead to a reduction in gain in the system as little or no interaction 
will take place between the pump, signal and idler pulses. This calculation was 
carried out for a 1 ps pulse, the results can be seen in Figure 4.7. The 40-45 
fs/mm pump/signal walkaway implies that the maximum crystal length 
permissible that can be used without serious degradation in parametric gain or 
significant pulse broadening varies between -22 and 27 mms across the tuning 
range of the OPO . With 100 fs pump pulses, interaction lengths of up to 3 mm 
are available. We may, therefore, conclude that temporal walkaway in LBO is not 
a limiting factor in the attainment of sufficiently high parametric gains with the 
use of long interaction lengths. A crystal length must be chosen that is 
satisfactory at all signal wavelengths, i.e. walkaway must be minimal across the 
entire tuning range of the device. However production techniques and cost also 
place a restriction on crystal length to be used. The maximum crystal length 
available at the time of this work was -20 mm, the actual crystal used in the 
experiment shall be discussed in a later section.
4.4.3 Group velocity dispersion
In addition to group velocity walkaway, a second important temporal effect is 
group velocity dispersion (GVD). GVD leads to a linear chirp and an increase in 
pulse duration. For example, the pulse length t of a Fourier transform-limited 
Gaussian pulse shape after propagation through a path length z inside a crystal is 
given by,
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Figure 4,7
Variation in the maximum useful crystal length across the tuning range o f  
temperature-tuned LBO (6=90°, ^=0°). The pump wavelength is 800 nm. The 
pump pulse duration is 1 ps.
f  (z) = 1 + (4.15)
where
4In(2)P"
and
A? 9^n 
2710^  9A?
(4.16)
(4.17)
where Zd is the dispersion distance. After the pulse has travelled a path length of 
Zd, the pulse length has increased by a factor of V 2. The parameter Xq denotes 
the pulse duration of the pulse before it enters the crystal, k is the wave vector, 
and c is the vacuum speed of light.
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Figure 4.8
The variation in group velocity dispersion in temperature-tuned LBO (6=90°, 
(j)=0°). The pump wavelength is 800 nm.
In Figure 4.8, the variation in the signal and idler GVD in LBO is shown 
across the tuning range of the OPO. The pump wavelength is 800 nm. The GVD 
values were calculated by evaluating the dispersion parameter P " . It is seen 
from the plot that signal GVD in LBO remains small (0 <p"<  50 fs^/mm) and 
close to zero across the entire available tuning range. It is also interesting to note 
that the transition from the positive to the negative GVD occurs at -1.2 jxm. This 
implies that for signal wavelengths beyond this value, transform-limited pulses 
may be attainable without the need for intracavity dispersion compensation. This 
characteristic makes LBO particularly attractive for use in ultrashort pulse OPOs. 
Therefore, as with spatial walkoff and temporal walkaway, dispersion 
broadening in type I temperature-tuned LBO is generally not a limiting factor in 
the attainment of transform-limited output pulses, particularly for signal 
wavelengths longer than -1.2 jxm. For signal wavelengths below this value, 
pulse broadening may result from the effects of positive GVD. Dispersion 
broadening generally becomes more significant with shorter pump pulse 
durations and longer interaction lengths.
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Therefore it can be concluded that the above considerations indicate that 
despite its smaller nonlinearities compared to KTP, BBO, and some other 
nonlinear materials, LBO is a highly attractive crystal for parametric generation 
of ultrashort pulses. Its non-critical phase-matching, small temporal walkaway, 
low dispersion, and wide acceptance bandwidths allow the use of long 
interaction lengths with minimal degradation in OPO performance. Combined 
with its wideband tuning capability, these characteristics make LBO an excellent 
choice of material for use in picosecond and femtosecond OPOs. A summary of 
the crystal properties of LBO is given in Table 4.1 below. The properties of 
other commonly used OPOs crystals are shown for comparison puiposes. The 
values quoted for KTP, KTA and RTA relate to the crystal geometry of type II 
NCPM along the x-axis with the pump and signal being polarised along the y- 
axis and the idler being polarised along the z-axis. This geometiy was chosen 
for comparison purposes as it is commonly used in ultrashort pulse OPOs.
Nonlinear
Material
Transmission deff
coefficient
(piruV)
Spectral
Bandwidth
(nm.cm)
Acceptance
Angle
(cm)^/2(Deg)
GVW
(fs/mm)
(p-s)
GVD
(signal)
(fsVmm)
(Ref)
LBO 160 nm 1.24 5.0 0.670(9) 40 -40 [17]
- 2.6 pm 6.5((|))
KTP 350 nm 3.60 5.1 4(8) 100 100 [14]
- 4.5 pm 12(<|)) [18]
KTA 350 nm 3.23 2.5 6(8) 90 85 [17]
- 5.2 pm I8((|)) *•
RTA 350 nm 4.10 4.2 5(0) 130 75 [14]
- 5.3 pm 14(d))
Table 4.1
Comparison o f the crystal properties o f LBO with other popular OPO crystals.
The values quoted are for signal wavelengths of around 1.2 )Lim, so a that a fair 
comparison can be made with the LBO values. It can be observed that LBO has 
a smaller deff than all the other materials, however it can also be seen that LBO 
has a smaller GVW so longer crystals can be used to overcome this negative 
feature. LBO can be seen to have far more favourable GVD conditions, in that 
the GVD is small and negative. The values of spectral bandwidths and 
acceptance angles for all the materials are such that no reduction in efficiency 
would be expected. The following section describes the experimental 
configuration of the OPO.
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4.5 Optical parametric oscillator
4.5.1 The picosecond LBO OPO
A schematic of the Ti:sapphire-pumped picosecond LBO OPO is shown in 
Figure 4.9. The OPO is configured in a standing-wave, folded cavity formed by 
two concave reflectors and a plane mirror through which the output signal is 
collected. The resonator fold angle is kept to <3° to minimise astigmatism in the
Diagnostics
Self -Mode-locked Tiisapphire laser 
P =  1.7 W A, = 770 - 800 nm
V = 81 MHz At = 1.1 - 2 ps
argon ion laser 
(10 W)
2 Lens M2 filter pumpLBO (in oven)
f = 10 cm
signal
H R /O C  
Figure 4.9
Schematic o f the Ti. sapphire-pumped LBO OPO. The mirrors Mj and M2 have 
radii o f curvature r= 2 0  cm. X/ 2  is a half-wave plate.
cavity. The oscillator is singly-resonant and the pump is single-pass. The short- 
wavelength portion of the tuning curve was resonated because of the smaller 
group velocity walkaway (GVW) between the pump and signal in this 
configuration (see Figure 4.6).
Resonating this wave also has the advantage of a larger tuning range for a 
given mirror set. The mirrors are all highly reflecting (/?>99.7%) for signal 
wavelengths centred at 1.4 jam and have high transmission (T>95%) over the 
range 0.75-1.1 pm. The back surfaces of the miiTors are also antireflection- 
coated at the centre wavelength of 800 nm. The concave mirrors have a radius
S. French, PhD thesis
76
September 1996
Coated face
LBO crystal
Coated face
Signal and idler Pump
polarisations polarisation
Figure 4.10
Schematic representation o f the LBO crystal, cut fo r  propagation along the x- 
axis, to satisfy type I  non-critical phase-matching.
of curvature r=20 cm, resulting in a signal waist radius of 39 pm at the centre of 
the stability region. This arrangement represents a suitable compromise between 
the optimum signal focusing condition [13] and the resonator stability range. The 
LBO crystal was supplied by PHOTOX optical systems [2]. The crystal was 16 
mm in length and 3 mm x 3 mm in aperture. It was cut for non-critical type I 
temperature phase-matching along the x-axis (0=90°, (j)=0°). The end faces of the 
crystal are antireflection-coated at 1.4 pm and the measured overall single-pass 
transmission loss of the crystal and coatings at 800 nm is -2.5% (see Figure 
4.10). The phase-matching temperature can be adjusted with an accuracy of 
better than ± 0.1 °C by using an insulated oven and a precision temperature 
controller (Eurotherm Model no 818P/TC/RTRI). This temperature controller 
uses a thermocouple to monitor the crystal temperature and a feedback system to 
adjust the cuiTent sufficiently to heat or reduce the temperature of the crystal. 
The temperature controller is connected to a Mica band heater which performs 
the actual heating process, this was supplied by [19]. A schematic of the 
insulating oven can be seen in Figure 4.11. (a) represents the front view, (b)
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Figure 4.11
Schematic o f the LBO OPO insulated Oven.
represents the top view and (c) represents the side view. The inner section is 
made from stainless steel, with a wire wound heating section encapsulating this, 
with the whole arrangement being surrounded with a section made from a 
material called Torlon. This material has a very low coefficient of thermal 
conductivity, i.e. it has very good heat insulating properties. The oven consists 
of a main chamber in which the crystal is placed as well as a secondary gap 
through which the resonant signal beam passes as it reflects from mirror M l to
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the plain mirror. This oven was found to produce a constant temperature across 
the entire length of the crystal, a temperature gradient would be very undesirable 
as this would lead to different parts of the crystal phase-matching at
185
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B
170
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10 15 200-20 - 15 -10 5 5
Position Along Crystal (mm)
Figure 4.12
Representation o f the temperature gradient along the LBO crystal.
different wavelengths. A representation of the temperature gradient across the 
crystal length is given in Figure 4.12 in which it can be seen that for an oven 
temperature of 175°C the temperature along the length of the crystal varies by 
less than 1°C and is therefore a minimal effect. These measurements were taken 
by placing the thermocouple at various positions along the length of the oven.
The pump laser is a commercial self-mode-locked Tiisapphire laser (Spectra- 
Physics, Tsunami) which was configured for picosecond operation. It delivered a 
maximum average output of 1.7 W for 10 W of argon ion pump power. The 
duration of the pump pulses deduced from autocorrelation measurements was 
typically 1.1-2 ps (assuming sech^ pulse profile) and the pulse repetition rate was 
81 MHz. With the available mirror set, the laser could be tuned from 770 to 900 
nm. For a more detailed description of the pump laser see Chapter 2. The pump 
beam was focused through the input concave mirror to a spot radius of -25 pm  
inside the crystal, using a plano-convex lens of 10 cm focal length. Since the 
OPO was collinearly pumped, an optical isolator (Model No IO-5-NIR-HP),
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which was supplied by OFR [20], was used between the two cavities to avoid 
back reflections into the Tiisapphire laser. A half-wave plate was also used to 
yield a pump polarisation along the y-axis of the crystal. The total pump power 
reduction from the Tiisapphire to the OPO was around 400 mW in this system 
and is accounted for by reflection losses due to transmission optics and power 
loss to diagnostics. Therefore, a maximum of 1.3 W was available for pumping 
the oscillator.
4.6 Results and discussion
The OPO cavity was aligned simply by monitoring the residual back reflections 
of the pump from the crystal end faces and the cavity mirrors. Oscillation occurs 
when the OPO is brought into synchronism with the pump through fine cavity 
length adjustments. Interestingly, the LBO crystal also generates a weak visible 
signal in the blue when the pump polarisation is along the crystal z-axis. This 
radiation which is generated as a result of non-phase-matched, single-pass 
second harmonic generation of the pump may also be used as an alternative pilot 
light for the alignment of the resonator.
4.6.1 Tuning characteristics
Wavelength measurements were performed by using a Rees Instruments laser 
wavelength monitor. In Figure 4.13 the measured tuning range of the LBO OPO 
is shown as a function of phase-matching temperature, for a range of Tiisapphire 
pump wavelengths from 775 to 800 nm. The solid curves represent the 
calculated tuning range. With the available mirrors set, a total signal coverage 
from 1.374 to 1.530 jXm and idler coverage from 1.676 to 1.828 p,m was obtained 
over a temperature range of 117.1°-193.3°C. The range of phase-matching 
temperatures varies with the pump wavelength, and shifts to lower temperatures 
for shorter Tiisapphire wavelengths. For this reason, the use of pump 
wavelengths above SOOnm was avoided in order to prevent possible degradation 
to the crystal coatings, however, no signs of damage to the crystal or the 
coatings at temperatures as high as 230°C were observed. The discrepancy 
between the experimental and theoretical tuning range is accounted for, in part, 
by the uncertainties in the Sellmeier coefficients of LBO and, in part, by the 
variations in output wavelength caused by small excursions in the OPO resonator 
length in the absence of active stabilisation. Signal wavelength tuning over 
typically 20 nm was observed by adjusting the resonator length across the 30 jxm 
synchronous range of the OPO, with longer cavity lengths resulting in a shift in 
the signal wavelength to shorter wavelengths. This was to be expected, given
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Figure 4A3
Temperature and pump wavelength tuning range o f the LBO OPO with type I  
non-critical phase-matching along the x-axis ( 6=90°, (f)=0°). The output from the 
OPO is indicated by the experimental data and the solid curves represent the 
predicted tuning range. The calculations are based on the Sellmeier equations 
fo r  LBO [6 ] and the temperature-dependent refractive index data fo r  the 
material [7].
that the slower group velocities are associated with the longer wavelengths in the 
anomalous dispersion region. This cavity length tuning which has also been 
observed in other OPO’s is a useful mechanism for fine-tuning the output 
wavelengths. The observed tuning range is at present limited by reflectivity of 
the available mirror set. With additional mirrors, continuous tuning over the 
range 1-2.7 \im  will be readily attainable by tuning the pump wavelength down 
to about 700 nm. The use of shorter pump wavelengths also has the benefit of 
lower phase-matching temperatures for a given signal and idler wavelength 
range.
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4.6.2 Sum frequency mixing
It is also interesting to note that in addition to the signal and idler beams, the 
picosecond LBO OPO also generates tunable output in the visible spectrum. This 
phenomenon which has also been observed in Ti : sapphire-pumped femtosecond 
OPO’s based on KTP [21, 22], is a result of non-phase-matched sum frequency 
mixing between the resonated signal and the single-pass pump. Figure 4.14 
shows the tuning range of this radiation for three pump wavelengths, namely 
775, 787 and 800 nm. Since this radiation exits the OPO cavity in the
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Figure 4.14
Sum frequency mixing between the signal and pump pulses in the Temperature 
and pump wavelength tuning range o f the LBO OPO.
same direction as the pump and idler beams, it can be used as a visual aid for 
optimisation of the resonator. The polarisation direction of the sum frequency 
light is the same as the pump (parallel to y-axis) and perpendicular to that of the 
signal. Over a wavelength range of 498-528 nm in the green up to 2 mW of 
visible output was measured.
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4.6.3 Threshold
The operation of the OPO close to threshold is generally undesirable as this can 
lead to system instability and can have a "knock on" effect on the stability of 
such properties as pulse durations and output power, and so therefore it is 
desirable to try and have a situation in that one is as far above threshold as 
possible. It was shown in Chapter 3 that it is possible to calculate the expected 
threshold, this information is then used in conjunction with the available pump 
laser power to try and maximise the degree to which the system operates above 
threshold. The average pump power threshold for the picosecond OPO is shown 
in Figure 4.15 and is found to be typically 900 mW at the input to the nonlinear 
crystal. This corresponds to a threshold pulse energy of -  11 nJ and a peak 
power density of ~ 290 MW/cm^ inside the crystal. The threshold predicted 
from the model devised by Guha, Wu, and Falk [23], see Chapter 3, is also 
shown in Figure 4.15. It can be seen that a reasonable agreement between the
1100
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Figure 4.15
The variation in the average pump power threshold across the tuning range o f 
LBO OPO.
theoretical and experimental results is obtained, discrepancies arise from 
uncertainties such as the exact reflectivities of the cavity mirrors and crystal AR 
coatings. The inclusion of the known uncertainties of the parameters used in this 
calculation lead to an estimation of the error in the results produced by the model
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to be less than 5%. The threshold could be reduced by improvements in such 
features as mode-matching as well as the use of optimum mirror coatings.
4.6.4 Pump Depletion
It is important to know how much of the pump energy is converted into the 
signal and idler energies, this property is known as the pump depletion, i.e. it is 
the amount of pump energy depleted into the signal and idler energies. This 
therefore represents the efficiency of parametric conversion from pump to signal 
and idler. This measurement is performed by placing a power meter behind 
cavity mirror M2. Readings were taken when the OPO was oscillating and when 
it was not, this was achieved by simply blocking and unblocking the cavity. This 
resulted in the situation that when the cavity was blocked then all the pump 
power (incoiporating cavity losses) was incident on the power meter, and when 
the cavity was oscillating then the difference in power was the power being 
converted into signal and idler energy. This allowed the pump depletion to be 
calculated. It is defined as,
Pump -  Depletion = —— —  (4.18)
where Eu is the undepleted pump and E j is the depleted pump. Since the pump 
beam travels along the same path in both cases, all the linear losses due to 
reflection, absorption and scattering in the crystal and minors may be ignored. 
The resulting pump depletions across the tuning range of the OPO are shown in 
Figure 4.16. It can be seen that the depletion varies between -15 and 20 %, this 
data was recorded for a pump power of 1.2 W which is 1.3 times threshold. The 
variation in the depletion across the tuning range could be due to several factors 
such as ciystal AR coating and mirror reflectivity variation, which will result in 
variations in the OPO threshold. The variation in pump depletion as a function 
of pump power above threshold was also measured, (see Figure 4.17), and can 
be seen to increase linearly with increasing pump power. This observation is 
consistent with previous reports [24]. The peak value of 20 % is achieved at 1.3 
times threshold.
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Depletion and extraction o f the LBO OPO as a function o f signal wavelength.
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Figure 4.17
Depletion and extraction o f the LBO OPO as a function o f pumping intensity. 
The signal wavelength is 1.45 jMn.
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4.6.5 O utput power and efficiency
With highly reflecting mirrors, up to 10 mW of output is available in the signal 
beam from each arm of the resonator, for 1.2 W of input pump power. In the 
absence of an optimised output coupler, a plane high reflector with its reflection 
band centred at 1.6 pm is used as the output coupling mirror. Over the signal 
wavelength range of 1.44-1.48 pm where the transmission of this mirror is 0.5- 
1.5%, 50 mW of signal power can routinely be extracted through the mirror. 
The single-pass power in the idler beam is typically 40 mW, representing a total 
combined output of 90 mW for 1.2 W of pump, (see Figure 4.18). This 
corresponds to an external efficiency of around 7.5% at 1.3 times threshold, (see 
Figure 4.16). At this level the pump depletion is 20% as in Figure 4.17, 
representing about 13% loss of generated parametric power. This loss is
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Figure 4.18
The average output power o f the LBO OPO as a function o f wavelength.
attributed to the intracavity parasitic losses, signal leakage through the resonator 
high reflectors, and residual mirror reflectivity or substrate absorption at the idler 
wavelength. These properties can also be investigated in terms of power-in 
power-out relations. Figure 4.19 demonstrated the variation in total, signal and 
idler power as a function of pump power (and hence times above threshold). It 
can be seen that the total power reaches a maximum value of 90 mW at 1.2 W of
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Figure 4.19
The average output power o f LBO OPO as a function o f pumping intensity. The 
signal wavelength is 1.45 pm.
pump power, with a pump threshold of 900 mW. This represents a slope 
efficiency of 30 %. The slope efficiency is simply the gradient of the power 
output against power input plot, this value indicates the percentage of pump 
power converted into useful extracted power. These values of output power 
could be improved by the choice of an optimum output coupler.
4.6.6 Temporal characteristics
The temporal characteristics of the signal pulses from the LBO OPO were 
determined from autocorrelation measurements. In Figure 4.20 (a)-(c), typical 
intensity and interferometric autocorrelation and the corresponding spectrum of 
the signal pulses at a wavelength of 1.41 pm are shown. The data was recorded 
at minimum cavity length mismatch and at 1.2 times above oscillation thieshold, 
for input pump pulses of 1.8 ps duration. The pulse duration determined from the 
intensity autocorrelation is 720 fs (sech^ pulse profile assumed) and the shape of 
the interferometric autocorrelation is indicative of chiip-free pulses. The signal 
spectrum has a spectral width of 3 nm, giving a time-bandwidth product of 
0.328. Therefore, these pulses are essentially transform-limited. It is
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Figure 4.20
(a) Intensity and (b) interferometric autocorrelation, and (c) the corresponding 
spectrum o f signal pulses at 1.41 pm, recorded at 1.2 times pump threshold. The 
pulse width determined from the intensity autocorrelation is 720fs, with a time- 
bandwidth product AvA'V=0.328. The input pump pulse duration is 1.8 ps.
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interesting to note that unlike femtosecond OPO’s, the signal spectrum is not 
modulated and has a smooth profile [22], indicating the absence of self-phase- 
modulation (SPM) here. This is to be expected because of the smaller 
nonlinearity of LBO, lower intracavity intensities associated with the picosecond 
signal pulses, and operation in the regime where the pump is not significantly 
depleted. The pulse length reduction from the pump to the signal is also 
consistent with the theoretical analysis of Cheung and Liu [25] and Becker et al 
[26] in the limit of small pump depletion and in the absence of significant pulse 
broadening due to the combined effects GVD, GVW, and SPM. However, little
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Figure 4.21
Variation o f the signal pulse duration across the tuning range o f the LBO OPO.
variation is observed in the pulse duration across the signal tuning range, (see 
Figure 4.21). The minor variations may be accounted for by the small 
differences in the mirror reflectivities resulting in changes in the pump threshold 
or by small fluctuations in the OPO cavity length. However, we observe that the 
signal pulses remain essentially chirp-free and transform-limited across the 
tuning range, without any requirement for dispersion compensation in the cavity.
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4.7 Conclusion
In this chapter a new source of tunable picosecond/sub-picosecond near-infrared 
pulses based on a LBO OPO which is pumped by a self-mode-locked 
Ti:sapphire laser has been described. The system produces transform-limited 
signal pulses with durations of -720 fs at a repetition rate of 81 MHz. Total 
average output powers of up to 90 mW over the signal and idler tuning ranges of 
1.374-1.530 |xm and 1.676-1.828 jam have been generated at 1.3 times the 900 
mW threshold. The overall performance of the oscillator can be significantly 
enhanced through optimisation of output coupling and reductions in oscillation 
threshold to allow pumping further above threshold. This can be achieved by, 
for example, additional refinements to mode-matching, improvements to the 
transmission optics, or by double-passing the pump. Because of the small 
temporal walk-off and large spectral acceptance band widths of LBO, the use of 
longer crystals is also expected to readily result in major reductions in threshold, 
with the consequent increase in output power and efficiency. The reductions in 
oscillation threshold should also enable the generation of longer output pulses 
with durations of the order of 1-2 ps. In addition to the broad tuning potential of 
the device, the multi-parameter tuning capability that is available through the 
tunability of the pump and the phase-matching temperature allows access to a 
particular combination of wavelengths. This is highly desirable for many 
applications in pump-probe spectroscopy or wavelength division multiplexing. 
Although this device proved to be highly tunable with moderate output power 
levels it suffered from poor stability, which would have rendered it very difficult 
to use as a source for experiments and so improved stability had to be achieved. 
In the next chapter the performance of this system is improved by using a new 
LBO crystal of length 30 mm in contrast to the 16 mm long crystal used in this 
chapter. This longer crystal became available as crystal production techniques 
have improved since the date of the work performed in this chapter. This length 
is closer to the optimal length of crystal which was calculated previously in this 
chapter and so should lead to greater output powers as well as improved device 
stability.
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5.1 Introduction
In Chapter 4, a characterisation of a picosecond optical parametric oscillator 
(OPO), which used temperature-tuned LBO as the nonlinear material, was 
presented. By using a 16 mm long crystal cut for type I NCPM, 720 fs output 
pulses were generated at 90 mW average power over a signal wavelength range 
of 1.374-1.530 pm and an idler wavelength range of 1.676-1.828 pm. This 
system was based on a 16 mm long LBO crystal, because at the time of this work 
production techniques restricted ciystal lengths to < 20 mm, although this was 
shorter than the optimum crystal length that could have been used. In Chapter 4, 
it was predicted that because of the desirable properties of LBO including small 
temporal walkaway and minimal spatial walkoff, power scaling and improved 
overall performance of the OPO could be brought about with the use of longer 
crystals. The work in this chapter describes the configuration and full 
characterisation of an efficient, high-power, and widely tunable Ti: sapphire- 
pumped picosecond OPO based on a 30 mm-long LBO crystal. Detailed results 
are presented describing the signal and idler output pulses and highlighting the 
increased tunability and output powers.
5.2 LBO OPO based on a 30 mm long crystal
The OPO described here uses a picosecond Ti:sapphire pump laser in 
combination with temperature-tuned LBO to provide output pulses with 
durations of 1-2 ps. Output powers of up to 690 mW have been generated for 
2.0 W of pump power. Also demonstrated is transform-limited performance 
over the 1.2-2.2 pm spectral range without the need for intracavity dispersion
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compensation. The OPO is tunable over a continuous wavelength range from 
1.160 to 2.185 }im and the potential tuning range of the device is from 1 to 2.4 
|im, with a single crystal. The combination of the Ti:sapphire laser and LBO 
OPO thus provides a highly versatile source of picosecond pulses with extended 
tunability from around 700 nm to 2.4 jim.
5.2.1 Experimental configuration
The configuration of the Ti:sapphire-pumped picosecond LBO OPO is depicted 
in Figure 5.1. The pump source was again a commercial self-mode-locked 
Ti:sapphire laser (Spectra-Physics, Tsunami) which was configured for 
picosecond operation. It delivered a maximum average output of 2.2 W for 12 W 
of argon ion pump. The duration of the pump pulses deduced from
Self -Mode-locked Ti:sapphire laser 
P = 2.2 W X = 170- 900 nm
1 ps M2Isolator LBO
f = 10 cm
A
Figure 5.1
Schematic o f the Ti:sapphire-pumped LBO OPO. The mirrors Mi and M2 have 
radii o f curvature r -2 0  cm. ?J2 is a half-wave plate. HWOC, high reflector or 
output coupler.
autocorrelation measurements were typically 1.1-2.0 ps (assuming sech^ pulse 
shape) and the pulse repetition frequency was 81 MHz. With the available 
mirror set, the laser could be tuned from 770 to 900 nm. The OPO experimental 
setup was identical to that of the 16 mm long crystal case, with identical mirror 
coatings and curvatures being used. The LBO crystal used in this system was 30 
mm in length and 3 mm x 3 mm in aperture and was supplied by [1]. The ciystal 
was cut for non-critical type I phase-matching along thex-axis (0=90°, (|)=0°) and 
the end-faces were antireflection-coated at 1.4 pm.
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5.3 Results and discussion
The alignment of the OPO resonator is achieved in a similar manner as in the 16 
mm long crystal case in which the residual back reflections of the pump from the 
ciystal end-faces and the cavity mirrors are monitored. Oscillation occurs when 
the OPO is brought into synchronism with the pump through fine cavity length 
adjustments. Again, a weak visible signal in the blue is generated when the 
pump polai'isation is along the ciystal z-axis. This radiation which is generated as 
a result of non-phase-matched, single-pass second harmonic generation of the 
pump may also be used as an alternative visual guide for the initial alignment of 
the resonator and optimisation of pump focusing,
5.3.1 Tuning characteristics
In Figure 5,2 the experimental tuning range of LBO OPO is shown as a function 
of phase-matching temperature, for a range of Ti:sapphire pump wavelengths 
between 770 and 800 nm. With the 1,4 pm mirror set, a signal tuning range 
from 1,290 to 1,534 pm and idler range from 1,610 to 1,973 pm was accessed by 
vaiying the pump wavelength or crystal temperature. As can be seen from the 
plots, the total signal and idler tuning range provides nearly continuous coverage 
over 1.290-1,973 pm with the single mirror set, except for small gaps near 
degeneracy. Operation in these regions is, in any case, undesirable due to 
doubly-resonant oscillation, Doubly-resonant operation can lead to device 
instability, due to mode-hopping. With the use of a second mirror set with high 
reflectivity {R>99.1%) centred at 1.18 pm, it was possible to extend the signal 
tuning range down to 1.160 pm and the corresponding idler range up to 2.260 
pm by tuning the pump wavelength down to 770 nm. Therefore, the combination 
of the two mirror sets provides continuous tuning from 1.160 to 2.260 pm. The 
demonstrated tuning range was limited by the shortest available pump 
wavelength and can be further extended to cover 1-2.4 pm by tuning the 
Ti:sapphire laser down to about 700 nm. This would require a different mirror 
set for the Ti:sapphire laser than those currently available in the laboratory. The 
use of shorter pump wavelengths also has the advantage of lower phase- 
matching temperatures for a given tuning range. However, operation of the OPO 
is extremely robust even at temperatures as high as 230°C. Indeed, no 
degradation has been observed in the performance of the OPO or damage
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Figure 5.2
Temperature and pump wavelength tuning range o f the Ti:sapphire-pumped 
LBO OPO. The output from the oscillator is indicated by the experimental data 
and the solid curves represent the predicted tuning range. The different symbols 
correspond to the two sets o f mirrors used; open squares: 1.4 fim mirrors, 
crosses: 1.18 pm mirrors.
to the LBO crystal and its coatings despite sustained day-to-day operation over 
several months.
The comparison of the experimental data in Figure 5.2 with the predicted 
tuning curves calculated from [2, 3] indicates good overall agreement. However, 
the small discrepancies may be accounted for by uncertainties in the dispersion 
data for LBO or by the possible variations in output wavelength caused by small 
excursions in the OPO resonator length in the absence of active stabilisation.
5.3.2 Non-phased-matched processes
The intracavity peak intensity of the LBO OPO is very large, i.e. of the order of
1 GW/cm^. This level of intensity makes it possible to directly generate
observable sequences of pulses in the visible via non-phase-matched processes
that would normally be too inefficient to be observed through parametric
oscillation. A total of seven non-phase-matched interactions have been observed
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in addition to the production of the signal and idler pulse sequences and these are 
listed in Table 5.1. This data was recorded for a pump wavelength of 800 nm, 
with a corresponding signal and idler pair of 1.4 jim and 1.87 |im.
Wavelength
(nm)
Description o f 
Nonlinear Interaction
Average 
Intracavity Power
466 CO = œs + CDs + COs < 1 mW
400 CO = COp + COp 1 mW
509 CO = COs + COp 100 mW
700 CO = COs + COs 10 mW
560 CO — COj H* COp < ImW
1398 CO = COp - CO; 5 W
1867 CO = COp - COs 20 mW
Table 5.1
Nonlinear interactions and corresponding average intracavity powers in the 
LBO OPO.
The dominant processes involve sum frequency mixing between the single-pass 
signal and the pump light to generate blue light at 509 nm and single-pass 
frequency-doubling of the pump light producing a wavelength of 400 nm. The 
other processes observed are the second and third harmonic generation of the 
signal which generate pulses at 509 nm and 466 nm, respectively, and sum 
frequency mixing between the single-pass idler and the pump light that produces 
light at 560 nm. The spectral bandwidths of the light generated at 509 nm and 
560 nm are sufficient to support pulses of sub psec duration. The addition of a 
second intracavity nonlinear crystal cut for efficient sum frequency mixing or 
second harmonic generation would therefore provide picosecond pulses with 
tunability in the visible. The spectrum included as Figure 5.3 shows the 
frequency-doubled signal at 700 nm. The 0.53 nm bandwidth of the output at 
700 nm is consistent with pulses of 1.0 ps duration if they are assumed to be 
transform -lim ited with a sech% intensity profile but autocorrelation 
measurements would be necessary to confirm the exact pulse duration.
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Figure 5.3
Spectrum o f the frequency-doubled signal centred at 700 nm.
5.3.3 Sum frequency mixing
As discussed in the previous section, as well as the signal and idler beams, our
OPO also generates tunable output in the visible spectrum. This phenomenon
which has also been observed in femtosecond oscillators based on KTP [4, 5, 6],
is a result of non-phase-matched sum frequency mixing (SFM) between the
resonated signal and the single-pass pump. This process is by far the strongest
of all the processes discussed in the section above and has some very interesting
features, and so will be discussed in more detail. Since this radiation exits the
OPO cavity in the same forward direction as the pump and idler beams, it can be
used as a visual aid for optimisation of the resonator. The polarisation direction
of the sum frequency light is the same as the pump (parallel to y-axis) and
peipendicular to that of the signal. In Figure 5.4 it can be seen that this process
is widely tunable from 472-528 nm in the blue-green portion of the optical
spectrum. This process produces up to 2 mW of visible output over the entire
tuning range of 472-528 nm. Interestingly, however, at a pump wavelength of
780 nm, the SFM process between the pump and signal becomes phase-matched
over a temperature range of 134.9-142.5°C which corresponds to a wavelength
range of 511.6-500.1 nm. This results in intense SFM generation in the green,
with up to 25 mW being produced, (see Figure 5.5) although the output can
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Figure 5.4
Visible SFM tuning as a function o f Ti:sapphire pump wavelength. The solid 
lines represent the theoretical curves derived from the Sellmeier equations o f 
Reference 2 and the temperature dependence o f the refractive indices given in 
Reference 3. The different symbols correspond to the two sets o f mirrors used 
open circles: 1.4 jJm mirrors, closed circles 1.18 jlm mirrors.
become unstable due to the depletion of the intracavity signal. In this process 
there is a competition between the signal and the SFM light. This is due to the 
fact that for the SFM process to exist there must be sufficient signal energy 
available to combine with the pump pulses. However, the process of SFM 
causes the OPO to be depleted of signal radiation. Hence, the SFM process 
effectively competes with the process that creates it. Tuning the cavity to 
different synchronous lengths results in the signal wavelength tuning, which in 
turn leads to better or worse SFM phase-matching conditions. This makes it 
possible to surpress the SFM process by simply tuning the cavity length to 
maximise the parametric generation process. An autocorrelation and spectrum 
of SFM pulses at 506 nm is depicted in Figure 5.6, and the pulses can be seen to 
have a spectral width of 0.28 nm, with a duration of 1.02 ps. This corresponds to 
a time-bandwidth product of 0.335 and indicates that the pulses are transform- 
limited. Also, the absence of modulation is present on the spectrum indicating 
that no SPM is present.
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Figure 5.5
SFM power as a function o f SFM wavelength for a pump wavelength o f 780 nm.
In Figure 5.7 the phase-matched SFM process between the signal and pump can 
be seen, as a very intense green light. This photograph shows the light as it 
passes down the cavity and out through the back curved mirror.
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Figure 5.6
(a) Intensity and (b) interferometric autocorrelation, and (c) the corresponding 
spectrum o f the sum frequency mixing pulses at 506 nm. The pulse width 
determined from the intensity autocorrelation is 1 . 0 2  ps, with a time-bandwidth 
product A vA t = 0.335.
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Figure 5.7
Sum-frequency mixing along the length o f the crystal oven o f the picosecond 
LBO OPO. The green light was generated by pump-signal sum-frequency- 
mixing.
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5.3.4 Threshold
With 1.2 ps input pump pulses and configured with all highly reflecting mirrors, 
the average pump power threshold for the OPO was about 350 mW at the centre 
of the mirror reflectivity band (see Figure 5.8). Therefore, the threshold pump 
pulse energy was 4 nJ, corresponding to a peak power of 3.6 kW, and peak 
intensity of 120 MW/cm^ inside the LBO crystal. Oscillation could be 
maintained across the entire signal tuning range for average pump powers below 
550 mW. At the extreme of the reflectivity band of the 1.4 p.m mirrors.
700
650
600
g
-  500I% 450H 1.18 |Liim Mirrois
400
350
300
1.15 1.551.2 1.25 1.3 1.35 1.4 1.45 1.5
Signal Wavelength (pm)
Figure 5.8
Variation in the average pump-power threshold across the tuning range o f the 
LBO OPO.
the threshold increased above 650 mW, but lower thresholds below 450 mW 
were available in this region with the 1.2 jxm mirror set. With both mirror sets 
oscillation could be maintained for an output coupling loss of up to 12%. The 
increase in threshold with output coupling was found to be negligible, indicating 
that output coupling was not the dominant loss mechanism here. A prediction of 
the threshold has again been made by using the model of Guha, Wu, and Falk 
[7], using a hg factor of 0.2, this again produced a good fit to the experimental 
data, as seen in Figure 5.8. If the exact mirror transmission were known across 
the entire tuning range then the model could be fitted more accurately to the 
experimental results. The threshold could be reduced further by the use of an 
optimum mirror set. Another approach may be to double pass the pump beam.
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The reduction in threshold from the previous system was substantial and allows 
measurements to be made with pump powers many times above the threshold 
value.
5.3.5 Pump Depletion
As mentioned in Chapter 4 maximisation of the pump depletion is very 
important as this leads to the ultimate amount of power available fonn the OPO. 
In the previous system the pump depletion varied from about 15 to 20 %, this is 
relatively low and should be able to be improved substantially. The pump 
depletion is calculated using equation 4.18. The resulting pump depletions 
across the tuning range of the OPO are shown in Figure 5.9. It can be seen that 
the depletion has now risen substantially, reaching a maximum of 52% at a
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Figure 5.9
Pump depletion o f the LBO OPO as a function o f signal wavelength.
signal wavelength of 1.31 |xm. The maximum values of depletion occur, as
would be expected, at the centre of the mirror reflectivities where the highest
intracavity powers are achieved. For the most part, the depletion remains in the
range 20-50 %, with reductions down to 10 % at the extremes of the mirror
reflectivities resulting from a reduction in intracavity power. However, the
depletion of this system is considerably improved from that of the previous LBO
device using a 16 mm long crystal.
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5.3.6 Output coupling
In the ideal situation the external extraction of the OPO energy should mirror 
that of the depletion. However, this is unlikely to occur as to some extent there 
will always be spurious losses in the OPO cavity due to Fresnel reflection from 
crystal and mirror faces and absorption in the mirror substrates, etc. The mirror 
coatings used in this device are designed to maximise the reflectivity of the 
resonated wave, in this instance the lower wavelength signal branch. At the non­
resonant wavelength the mirrors should be as close to 100 % transmitting as 
possible, so that all this energy is coupled out of the cavity. This will of course 
not occur, due to the fact that the substrate of the mirrors invariably produce
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Figure 5.10Variation in the average extracted output signal power as a function of output coupler transmission in the LBO OPO for 2 W of pump power.
some degree of absorption at the non-resonating wavelengths as well as at the 
resonant signal wavelengths. The correct choice of output coupler can have a 
profound effect on the amount of energy extracted from the cavity. In this 
section the signal output power from the OPO is detailed for several different 
values of output coupling. The results presented in Figure 5.10 represent the 
signal output powers, measured for output coupler transmissions of, 1 %, 2 %, 5 
%, 7 %, 10 % and 12 %. It can be observed in Figure 5.10 that the maximum
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output power value of 390 mW occurs for the 7 % output coupler. The 10 % and 
12 % cases lead to 'overcoupling', in which too high an output coupling results in 
a large reduction in the intracavity power, ultimately leading to a reduction in 
output power. This effect results in the maximum powers reducing to 370 and 
260 mW for the 10 % and 12 % cases respectively. On the other hand, for the 1 
%, 2 % and 5 % cases 'undercoupling' takes place, in this case the lack of output 
power is due to the fact that the power is unable to 'escape' from the cavity due to 
a lack of transmission in the output couplers and instead converts to idler output 
power. This process results in the maximum powers reducing to 100, 150 and 
190 mW for the 1 %, 2 % and 5 % values, respectively. The 1% output coupler, 
therefore, represents the best value of transmission to match the gain and loss of 
the OPO cavity and leads ultimately to the best values of output power. All 
further work in this chapter has been performed with the 7% output coupler 
unless otherwise stated.
5.3.7 Output power and efficiency
As discussed earlier the optimum performance of the OPO was achieved with 
7% output coupling at 1.32 jam, where a total average output power of 690 mW 
was achieved, with this power being split into a signal power of 390 mW and a 
single-pass idler power of 300 mW. These values, which were generated for 2 
W of pump power, can be observed in Figure 5.11. At 5 times threshold the total 
output power of 690 mW represents an extraction efficiency of 34.5%, with the 
pump depletion reaching 52%. There is also found to be no evidence of 
saturation, which implies that significantly higher output powers and conversion 
efficiencies will be available with higher pump powers, longer crystals, or 
improvements in mode-matching. It should be noted that while the maximum 
total output power from the OPO corresponded to an output coupling of 7%, the 
power in the single-pass idler beam could be as high as 350 mW when the output 
coupler was replaced by a high reflector. This is simply due to the fact that the 
lack of output coupling results in an increase in intracavity power, which in turn 
results in a increase in signal and idler power, but the signal can not of course 
exit the cavity. In this case, however, the signal power collected through the end 
mirror dropped to -100 mW. In the absence of optimised output coupling for all 
signal wavelengths, the maximum output power of 690 mW could not be 
maintained across the entire tuning range (see Figure 5.12). However, the OPO 
could routinely deliver total output powers in excess of 300 mW over most of 
the available tuning range. This results in the total extraction of the system 
remaining in the range -15-35 % across the majority of the tuning range (see
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Figure 5.11
The average signal and idler output powers o f the LBO OPO as a function o f 
wavelength, fo r  a pump power o f 2 W.
Figure 5.12). If output coupler coatings could be obtained that produce the 
optimum transmission across the entire tuning range of the OPO then it is not 
unrealistic to assume that extraction efficiencies of the order of 40 % could be 
obtained over the entire tuning range. It is also useful to consider the variation 
of output power of the OPO as a function of pump power so that an indication of 
slope efficiency can be made. It can be observed in Figure 5.13 that the slope 
efficiency of this system is 45 % and so represents a substantial increase from 
the value of 30 % obtained from the oscillator using the 16 mm long crystal. 
The depletion and extraction is a very important property of the OPO, the 
extraction values will of course follow the values of the output powers. The 
depletion, on the other hand, relates to the conversion efficiency of the 
parametric generation process, which involves the conversion of the pump pulse. 
For low pump powers, i.e. just over threshold only the central portion of the
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Figure 5.12
The total average output power o f the LBO OPO as a function o f wavelength.
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Figure 5.13
Output power as a function o f input power, fo r  a signal wavelength o f 1.32 pm.
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pump pulse will be converted to signal and idler, which will lead to small 
conversion efficiencies. However, as the pump power is increased to many 
times above threshold a larger percentage of the pump pulse will be converted. 
Ultimately the depletion will begin to saturate as all the pump pulses are 
converted, with further increases in pump power resulting in a smaller increase 
in total converted power. This effect is shown in Figure 5.14.
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Depletion and extraction o f the LBO OPO as a function o f input power, fo r  a 
signal wavelength o f 1.32 pm.
5.3.8 Amplitude noise measurements
It would be expected that the amplitude noise on the output of the LBO 
parametric oscillator would be greater than that of the pump laser, due to the 
nonlinear conversion process that takes place from the laser to the OPO. Figure 
5.15 shows the oscillograms obtained from both the pump laser and the OPO. It 
can be seen that for the Ti:sapphire pump laser the amplitude fluctuations are 
typically less than 1 % and for the OPO around 3 %. These values agree well 
with the theoretical and experimental work carried out by [8, 9]. Amplitude 
fluctuations are caused by various sources; a large number of these are from the 
laboratory enviroment such as temperature fluctuations and air currents, another
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Figure 5.15
Oscillograms showing the amplitude noise (intensity fluctuations) o f the self- 
mode-locked Ti:sapphire pump laser (a), the OPO (h). The timebase is 10 
ms/division in each case.
source is from the argon laser used to pump the Ti:sapphire laser. The 
picosecond LBO OPO is, however, a very stable device and can operate over 
large periods of time with only small cavity variations required to sustain 
operation over an entire day.
5.3.9 Temporal characteristics
As mentioned in Chapter 4 an important effect limiting minimum attainable
pulse durations is the group velocity dispersion (GVD), the variation in the
signal and idler GVD in LBO is shown in Chapter 4 and reference [10]. It is
found that the signal GVD in LBO remains small (0 <j3"< 50 fsVmm) and close
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to zero across the entire available tuning range. It is also interesting to note that 
the transition from the positive to the negative GVD occurs at -1.2 pm. This 
implies that for signal wavelengths beyond this value, transform-limited pulses 
may be attainable without the need for intracavity dispersion compensation. 
Therefore, dispersion broadening in type I temperature-tuned LBO is generally 
not a limiting factor in the attainment of transform-limited output pulses, 
pai'ticularly for signal wavelengths longer than -1.2 pm. For signal wavelengths 
below this value pulse broadening may result from the effects of positive GVD.
The temporal characteristics of the signal pulses were determined from 
autocorrelation measurements. Figure 5.16 (a)-(c) represent typical intensity and 
interferometric autocorrelations and the corresponding spectrum of the signal 
pulses at a wavelength of 1.42 pm. The data was recorded at minimum cavity 
length mismatch and at 5 times above oscillation threshold, with input pump 
pulses measuring 1.2 ps. The pulse duration (FWHM) deduced from the intensity 
autocorrelation is 1.1 ps (sech^ pulse profile assumed) with the shape of the 
interferometric autocorrelations being indicative of chirp-free pulses. The 
spectrum has a smooth profile with a spectral width of 2 nm, giving a time- 
bandwidth product of -0.325. Therefore, these pulses are essentially transform- 
limited. It is interesting to note that there is no evidence of self phase 
modulation (SPM) in the signal spectrum in Figure 5.16 (c). The absence of 
spectral modulation may be attributed to the balance between GVD and SPM in 
the negative GVD regime. The variation of signal pulse duration with pump 
depletion was also studied by recording autocorrelation data for a range of input 
pump powers from 350 mW to the maximum available 2 W (see Figure 5.17). 
The signal pulse length increases from about 400 fs at -1.15 times threshold to
1.1 ps when pumping at 2 times above threshold, thereafter no increase in signal 
pulse duration is observed as saturation is reached. This behaviour is consistent 
with the theoretical predictions of Becker et al [11] and of Cheung and Liu [12], 
where the change in the curvature of the pump pulse due to depletion is 
suggested to be responsible for pulse broadening. The process may, however, be 
more simply viewed as an increase in the signal gain further above the loss level 
with increasing pump power, as in a conventional laser. This has the effect of 
enhancing gain towards the wings of the pulse, thus resulting in an increase in 
pulse width. However, it is interesting to note that the shortest signal pulse 
duration of 400 fs measured in this experiment is somewhat lower than the 
minimum attainable pulse width of 480 fs (-0.4 times the pump pulse width) 
predicted by theory. Although this model does not include the effects of GVD or 
SPM which, in the negative dispersive regime, will tend to shorten the pulses.
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(a) Intensity and (b) interferometric autocorrelation, and (c) the corresponding 
spectrum o f the signal pulses at 1.425 pm. The pulse width determined from the 
intensity autocorrelation is 1.1 ps, with a time-bandwidth product A vAt = 0.325. 
(d) Intensity and (e) interferometric autocorrelation, and (f) the corresponding 
spectrum o f the idler pulses at 1.676 pm. The pulse width is 2.0 ps, with a time- 
bandwidth product A vAt = 0.325.
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The duration of the idler pulses were also determined by direct 
autocorrelation measurements. Representative autocorrelation data and the 
spectrum of the idler pulse recorded at a wavelength of 1.67 |xm are shown in 
Figure 5.16 (d)-(f). The data were obtained under the same pumping conditions 
as for the signal (5 times threshold) and with 1.2 ps input pump pulses. The 
intensity autocorrelation trace implies an idler pulse width of 2 ps (sech^ pulse 
shape assumed) and the time-bandwidth product suggests that the idler pulses are 
also close to the transform-limit. This is supported by the shape of the
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Figure 5.17
Dependence o f the signal pulse duration on pumping intensity. The signal 
wavelength is 1.37 ]itm.
interferometric autocorrelation which indicates the absence of chirp on these 
pulses. The variation in signal and idler pulse length across the tuning range of 
the OPO was also verified and this is shown in Figure 5.18. As expected, in the 
negative GVD regime above -1 .2  jiim, the signal pulse durations remain 
essentially constant at 1-1.2 ps. The small variations in pulse length may be 
attributed to the small differences in miiTor reflectivities resulting in changes in 
pump threshold or by small fluctuations in resonator length in the absence of 
active stabilisation. However, in this region the pulses remain chirp-free and 
transform-limited. In the positive GVD regime, on the other hand, the signal 
pulses become increasingly chirped, with pulse durations increasing to 1.8 ps at
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Figure 5.18
The variation in the signal and idler pulse width across the tuning range o f LBO 
OPO. The dashed line represents the approximate transition from the positive to 
the negative GVD region.
1.17 |im. The idler pulses undergo a corresponding increase in duration up to 
2.7 ps, as shown in Figure 5.18, but unlike the signal pulses, they aie observed to 
remain chirp-free, with a time-bandwidth product close to the transform limit 
(AvA'T~0.33). This result is similar to the previous observations in a 
femtosecond OPOs based on KTA where the non-resonant idler pulses were 
found to remain close to the transforai limit even when the signal pulses were 
chirped [13]. In Figure 5.19 (a)-(c), a typical autocorrelation of the signal in the 
positive GVD regime is shown. The modulation in the wings of the 
interferometric autocorrelation is cleaiiy indicative of a chirp content and the 
time-bandwidth product of 0.777 is more than twice the transform limit. The dip 
at the centre of the signal spectrum may be due to the effect of SPM, but the 
modulation is not as strong as that observed in femtosecond oscillators. This may 
be due to the lower intracavity intensities of the picosecond signal pulses 
(typically < 3 GW/cm^), but may also imply a small nonlinear index in LBO, 
particularly given the 30 mm crystal length used here. Therefore, to produce 
transform-limited ~1 ps across the entire tuning range of the system dispersion 
compensation must be added to the cavity (see section 5.4). In Figure 5.19 (d)-
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Figure 5.19
(a) Intensity and (b) interferometric autocorrelation, and (c) the corresponding 
spectrum o f the signal in the region o f positive GVD at 1.18 pm. The pulse 
width is 1.64 ps, the time-bandwidth product is AvAx = 0.777. (d) Intensity and 
(e) interferometric autocorrelation, and (f) spectrum o f the corresponding idler 
in the region o f positive GVD at 1.18 pm. The pulse width is 2.3 ps, the time- 
bandwidth product is AvAx — 0.325
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(f) a typical autocorrelation of the idler in the positive GVD regime is shown. 
This can be seen to be transform-limited, as would be expected from its non­
resonant nature. A model has been devised to emulate the SPM effects found to 
occur in this system below 1.2 jiim. This model can be used as a tool to make an 
estimation of the value of the nonlinear refractive index rij.
5.3.10 Self phase modulation
The interferometric autocorrelation profile in Figure 5.19 (b) together with 
spectral component given in 5.19 (c) indicates that, below signal wavelength 
values of 1.2 pm and in the absence of any dispersion compensation, pulses 
produced by the OPO are chirped. This chirp is thought to be primarily due to 
self phase modulation (SPM) occurring in the highly focused region within the 
LBO crystal. This results from a phase shift induced by the intensity-dependent 
refractive index (nz) of the material. The pulse broadening observed is produced 
from the combined effects of SPM and group velocity dispersion (GVD) of the 
signal pulse as it makes multiple passes of the OPO cavity. Similar effects have 
already been reported by several groups [14, 15]. Dudley et al [16] presented a 
simple model to estimate the consequences of SPM for the OPO in terms of both 
pulse and spectral broadening. For a full description of this model see [16]. If 
the model is tested using the intracavity intensity of 1 GWcm-2 present in the 
LBO crystal and taking the ng for LBO to be 3.4 x ICfiG cm^ W-^ [17], then it 
produces a good match to the experimental results observed.
5.3.11 Cross-correlation measurements
It is often desirable to have several independent tunable wavelengths, either for 
pump-probe spectroscopy or for frequency mixing. In such a case, the degree of 
synchronism between the pulses at each wavelength is of paramount importance 
because it directly affects the time resolution achievable in the experiment. If 
the OPO is to be used as a source for such experiments then the output pulses 
must be synchronised. This is especially important if one wavelength is used as 
the pump, say the signal and the other, the idler is used as the probe. In some 
situations it may be desirable to pump with the Ti:sapphire laser and probe with 
one of the OPO wavelengths. By measuring the cross correlation of the various 
combinations of laser and OPO wavelengths it is possible to determine the 
degree to which these wavelengths are synchronised.
When calculating the relative timing jitter of two pulses (Tj), a type of pulse 
profile has to assumed as is the case in autocorrelation measurements. If the
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pulses are assumed to be Gaussian then the cross correlation width (Tec) rnay be 
calculated using equation (5.1),
'^ cc = (5.1)
where T^ ^^  represents the pulse durations of the two individual pulses being
cross correlated, whether this is the Ti:sapphire laser or the signal or idler pulses. 
However, in our experiments we will assume sech^ intensity profiles throughout, 
as with all the previous results presented in this thesis. For sech^ pulses the 
cross correlation width may be written as the approximation [18]
= « :615 , -1.615 , 1.615 I (5.2)
Therefore, the timing jitter is measured by autocorrelating the individual pulses 
and then cross correlating the desired pulses and substituting these values into 
equation (5.2) to produce the required value of jitter. The experimental 
configuration of the cross correlator is shown in Figure 5.20.
Signal
Ti: sapphire-Pumped 
Picosecond LBO 
Optical Parametric Oscillator Idler
Scanner
Vai'iable
Delay
LensFilters BBO
Photo Multiplier 
Tube
Figure 5.20
Schematic o f the experimental apparatus used to perform cross-correlation 
measurements on the Ti:sapphire-pumped LBO OPO.
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Figure 5.21
Cross-correlation between the mode-locked Ti:sapphire laser and the OPO 
signal at 800 nm and 1.4 pm, respectively. The individual pulse durations were 
1.2 and 1.05 p sfo r  the Ti.'sapphire laser and OPO signal, respectively.
To get an approximate measure of the jitter between the three wavelength 
components in the Ti:sapphire-pumped OPO, cross correlations measurements 
were performed between the three pulse trains. The measurements between the 
pump and signal and the signal and idler were made using type II sum frequency 
mixing (SFM) in BBO. The corner cube scanned at a rate of -20  Hz to provide a 
variable delay. The cross correlation results were obtained over an average of 
-1000 scans and hence the measurements were valid over the frequency range > 
0.02 Hz. The cross correlation between the pump and idler was made using type 
I SFM in the same BBO crystal. In Figure 5.21 a typical cross correlation 
between the pump and signal is presented. For this measurement the individual 
pulse durations at 800 nm and 1.4 pm were measured as 1.2 ps for the 
Ti:sapphire and 1.05 ps for the OPO signal. This yielded a cross correlation 
width of 1.75 ps, assuming a sech^ pulse profile. Cross correlation 
measurements of the signal and idler were also carried out, with the results being 
presented in Figure 5.22. This was performed for the 1.05 ps signal at 1.4 pm 
and the 2.1 ps idler at 1.87 pm, with the cross correlation being measured to be
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Figure 5.22
Cross-correlation between the OPO signal at 1.4 pm and the idler at 1.87 pm. 
The individual pulse durations fo r  the OPO were 1.05 psfor the signal 2.1 p s fo r  
the idler.
2.52 ps. Finally the pump and idler were cross correlated for the 1.2 ps pump at 
800 nm and the 2.1 ps idler at 1.87 pm, this measurement produced a cross 
correlation width of 2.62 ps, and is shown in Figure 5.23. Applying these values 
to equation 5.2 yielded values for the jitter of -50 fs for the pump and signal, 55 
fs for the signal and idler and 50 fs for the pump and idler. Therefore, the jitter 
was only a fraction of the individual pulse durations in all cases and with the 
cross correlation width being approximately equal to the longest pulse duration. 
Hence, the achievable resolution is limited primarily by the pulse durations 
rather than the jitter. The Ti:sapphire-pumped OPO should therefore be an 
excellent source for time-resolved spectroscopy measurements.
5.3.12 Detuning characteristics
The signal tuning was found to vary by as much as 30 nm by adjusting the 
resonator length across the synchronous range of the OPO (see Figure 5.24 (a)). 
The wavelength tuning occurs because the cavity length detuning introduces a 
loss mechanism at the signal wavelength by reducing the synchronism between 
the pump and signal pulses. To maintain synchronism and optimise gain, the
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Figure 5.23
Cross-correlation between the mode-locked Ttsapphire laser and the OPO idler 
at 800 nm and 1.87 pm, respectively. The individual pulse durations were 1.2 
and 2.1 p sfo r  the Ti: sapphire laser and OPO idler, respectively.
signal shifts to a more favourable wavelength with a group velocity that satisfies 
a constant round-trip time. This cavity length tuning which was first observed by 
Edelstein et al [19] in a femtosecond OPO is a useful mechanism for fine-tuning 
the output wavelength. However, the shift in signal wavelength from the centre 
of the synchronous range is accompanied by a drop in output power. For this 
OPO, a detuning range of 30 pm (FWHM) was observed when pumping at 
around 1.5 times threshold. At higher pump powers longer detuning ranges will 
be available because of the increase in the signal pulse duration with pump 
depletion and higher instantaneous gains. It is interesting to note that the 
asymmetric shape of the detuning curve in Figure 5.24 (b) is neaiiy identical to 
that of Chung and Siegman [20] and similar to that observed by McCarthy and 
Hanna [21]. This asymmetry is consistent with the theoretical predictions of 
Cheung and Liu [12] for a singly-resonant OPO. The exact nature of cavity 
length tuning depends on the net intracavity GVD. In this OPO, an increase in 
the cavity length results in a shift in the signal to shorter wavelengths. This is to 
be expected, given that the slower group velocities are associated with the longer 
wavelengths in the anomalous dispersion region. It is also important to note that
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Figure 5.24
(a) The signal wavelength detuning and (b) cavity synchronous range in LBO 
OPO. The straight line in (a) represent the best f it  to the experimental data. The 
FWHM synchronous range o f the cavity in (b) is 30 pm.
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Figure 5.25
Signal pulse duration and bandwidth product variation as a function o f cavity 
length detuning.
the signal wavelength shift of 30 nm in the OPO is much larger than of other 
picosecond systems based on KTP [22] and is in fact similar to that observed in 
femtosecond oscillators [4, 5, 6, 22-27]. The effect of cavity length detuning on 
pulse duration and shape has also been investigated. From Figure 5.25 it can be 
seen that detuning to shorter cavity lengths resulted in a gradual pulse 
broadening, with the pulses remaining transform-limited. By contrast, detuning 
to longer cavity lengths resulted in a large reduction in the signal pulse duration, 
with the pulses becoming increasingly chii*ped. This effect can be seen in Figure
5.26 in which lengthening the cavity by 30 p,m from the optimum cavity 
mismatch reduced the signal pulse duration from 1.1 to 0.72 ps and increased the 
bandwidth product from 0.334 to 0.654. This effect is consistent with a similar 
previous measurement conducted by McCarthy and Hanna [21].
As discussed previously, to achieve transform-limited performance across 
the entire tuning range of the OPO it is essential to use dispersion compensation 
in the cavity, to produce a net negative GVD at signal wavelengths below 1.2 
|xm. In the following section the results of this procedure shall be presented.
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Figure 5.26
Signal autocorrelations as a function o f cavity length detuning to longer than 
optimum values.
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5.4 Dispersion compensated LBO OPO
5.4.1 Introduction
An important feature affecting pulse durations from the OPO is the group 
velocity dispersion (GVD) in the crystal. Excessive amounts of GVD can result 
in the broadening of pulses to durations greater than the transform limit by 
inducing a linear chirp across the pulse. The effect can be exacerbated by the 
presence of SPM and becomes increasingly important with shorter pulse 
durations and longer crystal lengths.
5.4.2 Theory of dispersion compensation
The magnitude of GVD can be calculated by evaluating the dispersion parameter 
P", where
(53)
Evaluation of p" for temperature-tuned LBO yields signal GVD in the range 
0 <P"< 80 fs^/mm, with the corresponding values for the idler GVD ranging from 
100 <p"< 1000 fsVmm [28]. Interestingly, the signal GVD also remains small 
and close to zero across the GVD tuning range of the LBO OPO, with the 
transition from the positive to the negative occurring near 1.2 pm. This implies 
that for signal wavelengths longer than 1.2 pm, dispersion broadening i s 
generally not a limiting factor in the attainment of transform-limited pulses. 
However, for signal wavelengths below 1.2 pm, pulse broadening can result 
from the effects of positive GVD, as was confirmed by previous experimental 
findings (Figures 5.18, 5.19). To extend the transform-limited performance of 
the LBO OPO to signal wavelengths below 1.2 pm, dispersion compensation 
must therefore be implemented.
To compensate the pulse chirping in the OPO, a pair of highly dispersive 
SF14 prisms were inserted into the cavity (see Figure 5.28). If the OPO is 
operated as a ring cavity, a four prism sequence is required as shown in Figure 
5.27. In a linear arrangement, as was used for all the OPOs described in this 
thesis, only two prisms are required as an end mirror can be placed in the plane 
of symmetry indicated by SS'. The theory pertaining to prism dispersion 
compensation was first proposed by Fork et al [29, 30], who noted that a double
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pass through a prism pair gives a second derivative of the phase with respect to 
frequency of
d^P
dcû^ 2 kc^ d?f (5.4)
with the derivative of the optical path with respect to the wavelength given by
[31]
d'^P
d V n (7 tan
a
dn Y
(5.5)
-81 I I /-f-âftan—ta n -.6/AV I 2 2
where n is the SF14 index of refraction at wavelength A, a  is the prism apex 
separation angle, e is the deviation angle, d  is the prism insertion (i.e. the 
distance from the resonated beam in the prism to the prism apex), and I is the 
separation of the prism apices when d - 0 .  The deviation angle can be calculated 
if the n and a  values are known by using the fact that at the minimum of 
deviation the angle of incidence corresponds to the Brewster angle. 
Approximations lead to a simplified relation of
d T
dA^ = 4T A 2n
1
dA sin 8 — 2
d n f
dxj (5.6)
For a given distance I and an insertion d, the overall negative GVD 
introduced can be calculated with the relations given above and the Sellmeier 
equations for SF14 glass [32]. Initial calculations neglect nonlinear effects such 
as SPM. The minimum negative GVD produced by the prisms must at minimum 
negate the positive GVD arising from the LBO material dispersion. For a single 
pass through an LBO crystal with Ic = 30 mm, the positive GVD can be 
calculated from
a 2c d^^c _dco^ 2 tcc  ^ dX^ (5.7)
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Figure 5 2 7
Dispersion compensation Fork prism sequence, taken from  reference [29].
Self -Mode-locked Ti:sapphire laser 
P = 2.2 W X = 770- 900 nm
V =81 MHz A t=  LI -2 p s
Isolator V  Lens M l
10 cm H R / O C
Figure 5.28
Schematic o f the Ti:sapphire-pumped LBO OPO with dispersion compensation. 
The mirrors Mi and M2 have radii o f curvature r~20 cm. Xl2  is a half-wave 
plate. HR/OC, high reflector or output coupler.
Using the Sellmeier equations for LBO given by Lin et al [2], a quadratic
phase distortion was estimated for the ordinary wave at 1.2 [im of D2c = +115
fs^/pass in the nonlinear crystal (D2c = +230 fs^/round trip). For a fixed prism
separation, / = 40 cm, the round trip prism insertion to compensate the linear
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GVD in the LBO crystal was calculated to be = 8 mm. This separation was 
such that the entire positive GVD branch of the OPO could be compensated by 
simply varying the amount of glass in the cavity with no requirement to alter the 
prism separation, which would lead to increased system complexity and would 
be undesirable.
The technique used to insert the prism pair in the cavity was similar to that 
described by Dudley et al [6]. With the OPO initially oscillating without prisms, 
the apex of the first prism is inserted slightly into the optical path of the 
resonated wave, refracting a small amount of signal light but still maintaining 
parametric oscillation on the undeviated path. The refracted beam is then used to 
align the second prism and the rear plane minor. Then, the first prism is inserted 
further into the optical path to refract all the signal beam. The rear mirror is 
translated forward to compensate the increased amount of glass introduced into 
the optical path by the first prism. The OPO oscillates when the cavity is again 
brought into synchronism.
The optimum prism insertion was found to be equal to d = 4 mm with the 
prism apex separation / = 40 cm. According to the previous calculations, the 
corresponding quadratic phase shift was D2 p = -125 fs^, which indicates that the 
prism pair compensated not only for the linear dispersion of the LBO ciystal but 
also for the nonlinear effects, such as SPM. The experimental configuration of 
the dispersion compensated cavity is depicted in Figure 5.28, all aspects are 
identical to the previous case except for the insertion of the prisms. In the 
following section the results obtained from the dispersion compensated OPO are 
presented.
5.4.3 Pulse durations
Figure 5.29 shows the variation of the signal pulse durations as the amount of 
glass is changed in the cavity. The amount of intracavity glass can be converted 
to an equivalent value of GVD expressed in units of fs^. In this Figure the 
variation of the amount of insertion of the SF14 glass into the OPO cavity has 
the effect of increasing or decreasing the amount of negative GVD contributed 
by the prism sequence to the cavity. The combined GVD of the cavity elements 
and ciystal as well as the prism sequence result in a variation of the signal pulse 
duration. It can therefore be observed that by simply adjusting the glass 
contained in the cavity a variation of pulse duration from 1.9 to 1.1 ps can be 
obtained. For a glass insertion of 8 mm the minimum signal pulse duration of
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Figure 5.29
Variation in signal pulse duration as a function o f insertion o f intracavity SF14 
glass and round trip GVD.
1.1 ps is observed. The insertion of more glass into the cavity results in an 
increase to 1.9 ps for 20 mm of glass, due to the fact that there is now too large a 
net positive GVD in the cavity. By the same argument less than 7 mm of glass 
results in a net negative GVD, again giving rise to an increased pulse duration. 
The rise in pulse duration on the negative GVD side is far sharper than for the 
positive GVD case. These results are similar to those observed in previous 
studies of mode-locked lasers [33, 34] and are in agreement with theoretical 
predictions for behaviour in lasers where SPM and GVD co-operate to determine 
the pulse evolution [26].
The full effect of the dispersion compensation on the signal and idler pulses 
can be seen in Figures 5.30(d)-(f) and 5.31(d)-(f), where it can be seen that the 
signal pulse has now become transform-limited with a pulse duration of 1.05 ps. 
In contrast, the idler pulse is largely unaffected by the prism sequence, as would 
be expected due to its non-resonant nature. This is further confirmed in Figure 
5.32 in which the variation of idler pulse duration is measured as a function of 
inserted SF14 glass, and hence variation in the complete cavity GVD, it can be 
observed that the idler pulse duration increases from 2.7 ps for no glass to 2.85 
ps for 20 mm of glass, representing an increase of only 5 %. The variation in
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Figure 5.30
(a,d) Intensity and (b,e) interferometric autocorrelation, and (c,f) the 
corresponding spectrum o f the uncompensated and dispersion compensated 
signal in the region o f positive GVD at 1.18 pm. The uncompensated pulse width 
is 1.64 ps, the time-bandwidth product is A v A t  = 0.777 and the dispersion 
compensated pulse width is 1.05 ps, with a time-bandwidth product is A v A t  =  
0.^32.
8. French, PhD thesis 729
September 1996
Chapter 5 An Improved LBO Optical Parametric Oscillator
§I 0
II
2.3 ps (d) Ax = 2.3 ps
AvAx = 0.332AvAx = 0.325
-2 0 +2 
Delay (ps)
-2 0 +2 
Delay (ps)
1.0 AX = 2.36 nmAX = 2.31 nm
0.75Îa  0.50-I8 0.25-A
0.0 _ 2.214 2.216 2.2182.214 2.216 2.218
Wavelength (jxm) Wavelength (jim)
Figure 5.31
(a,d) Intensity and (b,e) interferometric autocorrelation, and (c,f) the 
corresponding spectrum of the uncompensated and dispersion compensated idler 
in the region of positive GVD. The uncompensated pulse width is 2.3 ps, the 
time-bandwidth product is AvAt = 0.325 and the dispersion compensated pulse 
width is 2.3 ps, with a time-bandwidth product is AvAt = 0.332.
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Figure 5.32
Variation in idler pulse duration as a function o f insertion o f intracavity SFI4  
glass.
pulse durations across the section of the tuning range covering the transition 
from negative to positive GVD of the dispersion compensated OPO can be 
observed in Figures 5.33 (a)-(b). In (a) it can be observed that with the addition 
of the prism sequence the signal pulse durations remain essentially constant at ~
1.05 ps, whereas previously they rose from 1.1 to 1.8 ps. In (b) it can be 
observed that the idler pulse durations increase from 2.0 to 2.7 ps from 2.19 to
2.26 p,m irrespective of whether the prism sequence is present. The addition of 
the prisms to the cavity have been shown to have been successful in correcting 
the undesirable effect of increasing signal pulse durations due to a net positive 
GVD. However the prism sequence may have additional negative features, such 
as increased threshold or a reduction of output power from the OPO. These 
additional features are investigated fully in the following sections.
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Figure 5.33
The variation in the signal (a) and idler (b) pulse width across the tuning range 
o f LBO OPO. The dashed line represents the approximate transition from  the 
positive to the negative GVD region.
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Figure 5.34
Variation in the average pump-power threshold across the tuning range o f the 
LBO OPO.
5.4.4 Threshold
Although the addition of the dispersion compensation measures are essential, if 
transform-limited performance is to be achieved across the entire tuning range of 
the OPO, it would be unacceptable if this increased performance resulted in a 
very large increase in the threshold of the system, as this could lead to device 
instability. The effect of the prism sequence on threshold is shown in Figure 
5.34 in which it can be observed that the threshold increases from -350 to 450 
mW in the positive GVD regime when the prisms are present, representing an 
approximate increase of 25 %. This increase could be due to several factors, one 
being that, the addition of dispersion compensation results in reduced temporal 
overlap between pump and the signal pulse in the OPO. Another factor may be 
that imperfections in the cut of the LBO crystal rotate the polarisation of the 
signal wave and, consequently, increase loss at each of the eight Brewster 
surfaces encountered by the pulse during one cavity roundtrip. This moderate 
increase in not problematic as it occurs over only a very small section of the 
tuning range. However, it should still be possible to reduce this increased
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threshold by further work in optimising the prism orientations and positions, 
hence making it an even less significant increase.
5.4.5 Output power
The output power of the dispersion compensated OPO can be seen in Figure
5.35. The addition of the prisms produces a 90 mW reduction in output power,
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Figure 535
The average output power o f the LBO OPO as a function o f wavelength, fo r  a 
pump power o f 2 W.
again this loss is relatively small and might be reduced by further optimisation of 
the prism alignment. Optimisation of mirror reflectivities should also allow the 
maintenance of high output power across the entire available tuning range.
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5.5 System Improvements
Although the 30 mm LBO system is a very robust system producing excellent 
quality, highly tunable pulses, several design amendments may improve its 
performance still further. The most important improvements are discussed 
below.
5.5.1 Ring cavity
In an OPO, the parametric gain is present only in the direction in which the pump 
pulses are travelling. The second pass through the crystal causes Only loss, and 
thus a ring cavity will have lower threshold and higher efficiency. The linear 
cavity was used in this device because it is easier to align and has a larger 
stability region. A cavity configuration for a ring cavity is shown below in Figure
5.36, the ring cavity also has advantages in frequency-doubled systems (See 
chapter 6).
HR} /  Lens HRIsolator ' 2 LBO
H R /O C
To Diagnostics
Self -Mode-locked Ti: sapphire laser 
P = 2.2 W 1 = 770 - 910 nm 
V = 81 MHz At = 1 .1 -2  ps
Figure 536
The experimental configuration for the LBO OPO in a ring cavity.
5.5.2 Cavity Loss Reduction
The amount of loss encountered by the signal and pump pulses in the OPO cavity 
are of paramount importance in the operation of the device, as these processes 
govern ultimately the threshold and output power produced from the device. The 
LBO crystal used in this experiment was antireflection coated to reduce Fresnel 
losses in the pump and signal beams. The coatings used proved to be excellent.
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with no problems encountered up to the highest operational temperature of 230 
°C. However, if operation to more extreme temperatures (lower signal 
wavelengths) was required, then difficulties may start to arise in the depositing of 
these AR coatings on the surface of the LBO crystal. Problems can arise due to 
the fact that the thermal expansion coefficients are different in the 3 directions, 
which can result in coatings falling off. This problem can be solved by the use of 
a Brewster cut crystal, which as there is no coating has very little difficulty in 
being operated at very high temperatures. The disadvantage of using a Brewster 
cut crystal is that alignment becomes more difficult than that of the plain face 
conditions.
5.5.3 Air currents and absorption
A design feature already implemented to produce better device stability against 
such features as air current movement due to air conditioning is the enclosing of 
the OPO in a perspex case. This case was designed to allow easy access to the
100
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1. 61.51.3 1.41.21.1
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Figure 5.37
Absorption spectrum o f 4 m o f air as a function o f wavelength [35].
system so that optimum operation could be maintained as well as sealing the
cavity from external perturbations. This box typically reduced the amplitude
noise by ~ 1%. Further refinement of the box design could lead to the solving of
a further problem. Water vapour within the cavity leads to losses in the cavity at
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wavelengths around 1.38 jim. These losses are due to a series of narrow 
absorption lines whose maximum can approach 30 % [35], as shown in Figure
5.37. To improve the tuning and power output throughout this region it would be 
necessary to seal and purge the cavity with dry nitrogen [35].
5.5.4 OPO Stabilisation.
The operation of the OPO over a period of several minutes is very stable. It was, 
however, observed that over many hours the cavity length drifted, hence causing 
instability in the output. This can be attributed to temperature induced shifts in 
the optical bench and optical components, as well as excessive air currents. If 
results were required to be taken over periods of hours, with the OPO remaining 
at optimal operation then an active length stabiliser would have to be 
implemented.
Processing
Electronics Photodiode 2 Photodiode 1
Grating
Mirror 
Mounted 
on Piezo
Figure 5.38
Arrangement for detecting error signal for active cavity length stabiliser.
This involves the detection of an error signal which indicates the error in 
cavity length. This signal is fed through an operational amplifier, which then 
drives a PZT in the proper direction to correct the length error. The error signal 
should be a monotonie function of cavity length, and the optimum operating point 
should not be the peak. The best error signal comes from the OPO length tuning. 
This was first used by Chesnoy and Fini [36] to stabilise a synchronously- 
pumped femtosecond laser. The arrangement can be seen in Figure 5.38. A 
leakage beam is sent to a diffraction grating, and two apertured photodiodes are
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put in the dispersed spectrum, so as to sample points A and B, on either side of 
the spectral peak. Since the spectrum shifts monotonically with changes in cavity 
length, either A or B provides a suitable error signal. The difference signal A - B 
allows cancellation of intensity fluctuations and additionally produces a larger 
error signal for a given spectral shift. An electronic stabiliser unit must be built 
to process the error signal and provide a drive voltage for the PZT, for more 
details see [37] and [38].
5.5.5 1.5 |Lim mirror set.
One of the disappointing features of the OPO performance is the dip in output 
power encountered at around 1.5 pm. The main reason for this is that at present 
the system is operated with 1.18 pm and a 1.4 pm mirror sets, which of course 
produce optimal performance around the central coating wavelengths only. In 
order to produce better output power performance around 1.5 pm it is proposed 
that a 1.5 pm coated mirror set is used, this is currently being implemented. This 
will allow greater output powers around the very important communication 
window of 1.55 pm. Initial measurements with this mirror set demonstrate that 
the OPO can produce -100 mW of output power at 1.55 pm [39].
5.6 Conclusions
In this chapter a new Ti:sapphire-pumped OPO based on the material LBO has 
been demonstrated. The LBO system has been shown to be a powerful and 
versatile source of high-repetition-rate picosecond pulses for the near-infrared.
It can provide transform-limited 1.1 ps signal and 2.1 ps idler pulses over a 
wavelength range from 1.2 to 2.2 pm, without the requirement for dispersion 
compensation in the cavity. Transform-limited signal and idler pulses beyond 
these limits are also readily attainable with intracavity dispersion compensation, 
with little resulting degradation in performance. The tuning range of the LBO 
OPO is continuous except close to wavelength degeneracy and the total 
wavelength coverage extends from 1.160 to 2.185 pm, with a single LBO 
crystal. This spectral range is at present limited by the tunability of the pump 
laser and could be further extended to cover the range 1-2.4 pm  with a new 
Ti:sapphire mirror set. Up to 690 mW of output power has been generated for 2 
W of input pump power at 5 times threshold. For this output power a depletion 
of 52 % was achieved with a corresponding external extraction efficiency of 34,5 
%, Successful dispersion compensation of the Ti:sapphire-pumped LBO OPO 
has been achieved so that it can now provide transform-limited 1.1 ps signal and
S. French, PhD thesis September 1996
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2.1 ps idler pulses over the entire wavelength range from 1.160 to 2.185 pm. 
The addition of dispersion compensation resulted in a small increase in the 
threshold from 350 mW to 450 mW and a small reduction in output power of ~ 
90 mW. However these may be reduced by further optimisation of the prism 
orientations. Despite the requirement for cavity length synchronism, the LBO 
OPO is a remarkably robust and stable source, capable of routine day-to-day 
operation without the need for re-alignment of the resonator. In the absence of 
cavity length stabilisation, oscillation can be maintained for extended periods of 
several hours at a time without re-adjustments of cavity length. The continuous 
wavelength coverage of LBO OPO with a single crystal is not available to 
similar Ti:sapphire-pumped picosecond OPOs and its output power capability, 
high efficiency and transform-limited performance is unmatched by most solid- 
state-pump-based systems. As such, the LBO OPO represents a highly versatile, 
yet simple and cost-effective source of picosecond near-infrared pulses which 
will be useful as a source for many applications.
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6.1 Introduction
Many applications in the field of ultrashort spectroscopy require pulses in the 
visible wavelength region. Up to now, only synchronously-pumped or passively 
mode-locked dye lasers were used for high-repetition rate picosecond and 
femtosecond applications in the visible [I]. These systems have many 
disadvantages because of the necessity to use different dye/pump laser 
configurations with only limited tuning being available. On the other hand, the 
red spectral range is of increasing importance, for example, for research on 
quaternary alloys such as AlGalnP.
Recently, Ti:sapphire-laser-pumped optical parametric oscillators (OPOs) 
have proved ideal in meeting the need for ultrafast light sources tunable from the 
visible to the mid-infrared. The device described in Chapter 5 covers the 
wavelength range 1.150 to 2.260 \im  with the signal branch from 1.150 to 1.560 
jim. If these signal wavelengths of the LBO OPO are frequency-doubled, as 
shown in Figure 6.1, this will access the wavelength range 575 to 780 nm. This 
visible region is extremely important as it lies between the fundamental and 
second harmonic of the Ti:sapphire laser. The first demonstration of the 
frequency-doubling of an ultrashort-pulse OPO was performed by Bllingson and 
Tang [4]. This system used a critically phase-matched BBO crystal inside the
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ring cavity of a x-z plane critically phase-matched femtosecond KTP OPO, this 
system yielded conversion efficiencies of 2.1 %. Recently, Reid et al [5] 
demonstrated intracavity doubling of a femtosecond RTA OPO, again BBO was 
used as the doubling medium, this system produced tunable 60 fs pulses in the 
range 620-660 nm, with powers as high as 170 mW. In this chapter three 
schemes are described which produce tunable picosecond pulses in the visible 
wavelength region.
The first approach involves the direct single-pass extracavity frequency- 
doubling of the LBO OPO to provide high-repetition-rate picosecond pulses in 
the visible at tens of milliwatts of average power. This technique has also been 
recently used in a KTP OPO to provide 500 fs pulses tunable in the visible [6]. 
Using type I and II temperature-tuned non-critically phase-matched LBO, 
efficient single-pass frequency-doubling of the signal into the red wavelength
790 nm 
795 nm 
800 nm
- .....  770 nm
 775 nm
  780 nm
  785 nm
0.80
0.75
I
^  0.70i
0.65.SP00ÜX
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200 220100 120 140 160 180
OPO Crystal Temperature (°C)
Figure 6 .1
Theoretical temperature and pump wavelength tuning range o f the frequency- 
doubled Ti:sapphire-pumped LBO OPO. Using the Sellmeier equations o f [2] 
and the temperature dependence o f [3].
region has been achieved. The second approach involves the development of the 
first Ti : sapphire-pu mped intracavity-frequency-doubled picosecond OPO. This 
system which is based entirely on LBO, uses type I and type II temperature-
S. French, PhD thesis September 1996
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tuned NCPM in the material to provide efficient frequency-doubling of the 
signal pulses into an extended wavelength region in the visible spectrum. The 
third approach is similar to the second system, with the advantage that it is based 
solely on type I frequency-doubling, this does however lead to added device 
complexity.
The operation and configuration of all three approaches to produce tunable 
visible picosecond pulses will be detailed in this chapter. The suitability of LBO 
as a frequency-doubling crystal in ultrashort OPOs and lasers will be outlined.
The full characterisation of all the devices operated with and without dispersion 
compensation will also be discussed in detail.
6.2 The LBO frequency-doubling crystal
The choice of LBO as the second harmonic generation (SHG) crystal was 
governed in the main part by its NCPM capability across the entire signal range 
of the OPO LBO. For second harmonic generation, LBO can be phase-matched 
in a number of geometries under both type I and II interaction, with non­
vanishing nonlinear coefficients. In particular, NCPM can be accomplished 
along the ciystal optic axes without the deleterious effects of spatial walkoff. In 
these devices two non-critically cut LBO crystals were used to achieve SHG 
across the entire tuning range of the signal branch of the OPO; an x-cut crystal 
was used for type I and z-cut crystal was used for type II (see Figure 6.2). The 
requirement for the use of two crystals will be discussed later. The NCPM 
geometry is also accompanied by large angular acceptance bandwidths (see 
section 6.3) so that tightly focused beams can be used without compromising 
conversion efficiency. These characteristics are particularly important in 
efficient SHG conversion of relatively low-energy, low-peak-power pump pulses 
with tightly focused beams. This is the case with the high-repetition-rate pump 
pulses available from the picosecond Ti:sapphire laser used in these experiments, 
where pulse energies of typically 10-20 nJ with peak powers of around 10-20 
kW are available in focused beam diameters of -50 pm (FWHM). In contrast to 
KTP or BBO, LBO is also temperature-tunable. This feature avoids the need for 
angle-tuning which often results in a reduction in conversion efficiency and 
output power and requires re-alignment of the OPO resonator. This is 
particularly useful in high-repetition-rate picosecond OPOs where, unlike 
femtosecond oscillators, angle-tuning is generally precluded by the effects of 
spatial walkoff because of longer interaction lengths, lower peak powers and 
tightly focused beams. 1
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Figure 6.2
Theoretical frequency-doubling crystal temperatures required to double the 
wavelength tuning range o f the Ti:sapphire-pumped LBO OPO. Using the 
Sellmeier equations o f [2] and the temperature dependence o f [3].
6.3 Frequency-doubling conversion efficiency properties
As discussed in chapters 3 and 4 when considering parametric generation it 
cannot be assumed that the phase-mismatch condition Ak, is zero. This is due to 
the fact that laser pulses have finite bandwidths. It is therefore of interest to see 
the extent to which the pump beam can differ from the ideal case yet still provide 
efficient frequency-doubling.
The acceptance angle and spectral bandwidth are very important crystal 
features as these relate to the ultimate conversion efficiency that can be obtained 
from the frequency-doubling process. These two parameters limit the usable 
crystal length for a given fundamental beam divergence and linewidth.
6.3.1 Acceptance angle
The acceptance angle was calculated for type I NCPM frequency-doubling in 
LBO by using the same method as that outlined in Chapter 4. The result of these 
calculations are shown in Figure 6.3, the values of between 3.5-6 Degrees
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(cm) are comparable with the values obtained for type I parametric generation 
in NCPM LBO and so this large value of acceptance angle should present no 
problems governing the usable length of frequency-doubling crystal.
IÎI
6.0
5.5
Plane
5 .0
4 .5
0 Plane
4 .0
3 .5 1.5 1.61.3 1.4 1.71.1 1.2
Fundamental ( i^m)
Figure 6.3
The calculated frequency-doubling acceptance angles in the 0 and $ direction in 
temperature-tuned LBO fo r  type I  non-critical propagation along the optical x- 
axis (nx<ny<nz).
6.3.2 Spectral acceptance bandwidth
The spectral acceptance bandwidth for phase-matching is also an important 
crystal parameter that needs to be considered. This quantity is particularly 
relevant in SHG of ultrashort pulses where large spectral widths are involved. 
The acceptance bandwidth can effect both the efficiency of conversion and the 
SHG pulse duration. If the acceptance bandwidth is too small, the crystal can 
not accommodate the available spectral content of the SHG pulses. The SHG 
acceptance bandwidth of LBO for both type I and II SHG has been calculated. 
By using the same method as that described in Chapter 4 the full-width 
acceptance bandwidth for the fundamental wave in a collinear SHG interaction 
can be derived. When the fundamental radiation has a frequency of (Oi and the 
frequency-doubled light (0 2 , then the wavevector mismatch will be
S. French, PhD thesis 746 September 1996
Chapter 6 Visible Picosecond Optical Parametric Oscillators
Ak = 2k] -  (6.1)
The full-width acceptance bandwidth {-TtA < Ak< n/l) for a crystal of length 
I is then calculated using a Taylor-series expansion for dAk/ dXj , and can be 
written as,
AÀ = 2tcT 4n  9n, 271 dn^ (6.2)2 y
Evaluation of this quantity yielded in type I, values in the range 7-11 nni.cm 
across the available tuning range (see Figure 6.4). In type II, the quantity rises 
from 5 nm.cm to become asymptotic at 1.3 |im, where values of several hundred 
nm.cm are obtained. This implies that the pulse duration of the frequency- 
doubled light should not be limited by the crystal bandwidth.
100
Type I 
Type IIÎII "I8 -50<
-100 1.61.51.41.1 1.2 1.3
Signal Wavelength (pm)
Figure 6.4
The calculated spectral acceptance bandwidth in temperature-tuned frequency- 
doubling LBO (<1)^ 0° 6=90°).
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6.4 Modelling of temporal characteristics
In the context of ultrashort-pulse SHG, there aie a number of important temporal 
effects that also need to be taken into account. These effects have been 
calculated using the same methods as those discussed in Chapter 4.
6.4.1 Group velocity walkaway
A particularly important parameter is temporal walkaway between the 
fundamental and second harmonic which determines the degree of temporal 
overlap between the interacting pulses. Because of the absence of gain outside 
the temporal window of the fundamental signal pulse, a large temporal 
walkaway can result in significant reductions in conversion to second haimonic 
and can also lead to pulse broadening. This can limit the useful length of
u Type IjSHG GVW1
I  “-10II  -zo
Ô iType II SHG: GVW
30 1.61.41.2 1.3 1.51.1
Signal Wavelength (|im)
Figure 6.5
Variation in the inverse group velocity mismatch, Avg~  ^between the signal and 
SHG signal across the tuning range o f the LBO ( 9=90°, (j)=0°) OPO.
nonlinear crystal over which efficient interaction can occur. The effects of 
temporal walkaway can be estimated by evaluating the differences in the inverse 
group velocity between the fundamental and second harmonic. The result of 
these calculations in both type I and type II SHG are shown in Figure 6.5 where 
the magnitude of the inverse group velocity mismatch between the fundamental
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and second harmonic in temperature-tuned LBO is plotted as a function of the 
signal wavelength. The calculations are based on the Sellmeier equations of Lin 
et al [2] and the temperature-dependent refractive indices of Velsko et al [3], It 
is seen that the temporal walkaway between the fundamental and second 
harmonic in type I (II) is limited to about 20-40 (10-15) fs/mm across the tuning 
range. The walkaway between the fundamental and second harmonic has a first- 
order effect on the SHG conversion efficiency [7] and is thus the most important 
par ameter in determining the maximum useful interaction length.
6.4.2 Crystal length calculations
The 20-40 (10-15) fs/mm walkaway in type I (II) implies that with pump pulses 
of 1 ps duration, LBO crystal lengths up to 50 (20) mm can be used without
200
150
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-100
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-200
1.601.30 1.40 1.501.201.10
Signal Wavelength (pm)
Figure 6 . 6
Maximum permissible LBO crystal lengths to perform frequency-doubling in the 
LBO (9=90° (j)=0°) OPO.
serious reduction in SHG efficiency or significant pulse broadening (see Figure 
6.6). Therefore, it may be concluded that temporal walkaway in LBO is not a 
limiting factor in the attainment of (sufficiently) high SHG efficiency.
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6.4.3 Group velocity disperison
In addition to group velocity walkaway, a second important temporal effect is 
group velocity dispersion (GVD). In Figure 6.7, the variation in the signal and 
frequency-doubled signal GVD in LBO is shown for the polarisation direction 
that each takes in the frequency-doubling crystal. The GVD values were 
calculated by evaluating the dispersion parameter p "  where
d \ (6.3)
It is seen from the plot that for type I the SHG GVD is positive across the entire 
tuning range, taking the values (45 <p"<  80 fsVmm), with the type I signal 
GVD being as discussed in the previous chapter. For the type II process, the 
GVD remains small (0 <P''< 5 fsVmm) and close to zero across the entire
A
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Figure 6.7
The variation in group velocity dispersion in LBO for type I  and II frequency- 
doubling in two different crystal orientations.
available tuning range. The type II fundamental GVD is, however, large (340
<P"< 600 fs^/mm). It is, of course, desirable to operate at all times in the
negative GVD regime, however it is only the type I SHG signal that is
significantly positive. This implies that transform-limited pulses will be
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attainable without the need for intracavity dispersion compensation for the three 
cases where the GVD is small or negative. The situation where the GVD is large 
and positive will however not necessarily lead to any pulse broadening from the 
fundamental to the frequency-doubled pulse. This characteristic makes LBO 
particularly attractive for the use as a doubling ciystal in picosecond OPOs.
6.5 Externally-doubled LBO OPO
In this section results are presented for the direct single-pass extracavity 
frequency-doubling of the LBO OPO to provide high-repetition-rate picosecond 
pulses in the visible.
6.5.1 Experimental configuration
The OPO experimental configuration is as described in the previous chapter. For 
second haimonic generation the signal wave was directed into the LBO crystal 
by using two plane high reflecting mirrors similar to the OPO output mirror, see 
Figure 6.8. The two non-critically cut LBO crystals both had the end-faces 
antireflection-coated at 1.4 pm. A combination of two crystals was required to 
cover the signal wavelength range, and so keep the phase matching temperatures 
in the range of 20-50 °C. Type I SHG is the most desirable, but around 1.3 pm 
the NCPM temperature drops to ~0°C, and so this would have required the use 
of pettier cooling and condensation prevention measures such as enclosing the 
crystal in a nitrogen purge case, and so for practical simplicity it was decided to 
use a combination of type I and type II. Both crystals were 16 mm in length 
with 3 x 3  mm aperture. The signal was focused into the LBO crystal with the 
use of a 50 mm focal length lens for optimal mode-matching, with a similar lens 
being used to collimate the SHG output beam.
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Self -Mode-locked Ti:sapphire laser 
P = 2.2 W ^ = 770 - 800 nm
V =81 MHz Ax= 1.1 -2 p s
V_____________   /
1 psA Isolator y  Lens M l
H R /O C
r
f = 10 cm
A
584-771 nm A LBO A \ j
1__ 1
V V
f = 5 cm f = 5 cm
Figure 6 . 8
Schematic o f the extracavity frequency-doubled Ti: sapphire-pumped LBO OPO. 
The mirrors M i and M2 have radii o f curvature r=-20 cm. Xl2  is a half-wave 
plate.
6.5.2 Results and discussion
6.5.2.1 Tuning characteristics
In Figure 6.9 the experimental tuning range of frequency-doubled LBO OPO is 
shown as a function of phase-matching temperature. With the 1.4 pm mirror set, 
a SHG tuning range from 640 to 771 nm was accessed by varying the pump 
wavelength or crystal temperature. With the use of a second mirror set with high 
reflectivity {R>99.1%) centred at 1.18 pm, it was possible to extend the tuning 
range down to 584.5 nm. Therefore, the combination of the two mirror sets 
provides continuous tuning from 584.5 to 771 nm. This tuning could easily be 
further extended if a second mirror set was obtained for the pump laser. This
S. French, PhD thesis
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Figure 6.9
Temperature and pump wavelength tuning range o f the doubled Ti:sapphire- 
pumped LBO OPO. The output from  the oscillator is indicated by the 
experimental data and the solid curves represent the predicted tuning range.
tuning range is also shown in Figure 6.10, only in this instance it is expressed as 
a function of SHG phase-matching temperature to give an indication of the 
required frequency-doubling phase-matching temperatures required and also 
whether type I or type II SHG was used. In both cases the comparison of the 
experimental data with the predicted tuning curves calculated from [2, 3] 
indicates good overall agreement. In Figure 6.11 the variation of SHG intensity 
as a function of frequency-doubling crystal temperature is shown. This indicates 
the extent of the temperature acceptance bandwidth available when using LBO 
in a temperature-tuned NCPM geometry as a doubling crystal. This particular 
Figure is for type I SHG at 1.4 jiim. The FWHM at this wavelength was 
measured to be ~6°C which agrees well with the calculated theoretical value of 
6.4°C, a similar procedure was carried out for type II SHG, which also yielded a 
good match between experiment and theory.
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Figure 6.10
Frequency-doubling temperature required to produce the visible range o f the 
externally-frequency-doubled LBO OPO; closed symbols: 1.4 pm mirror set, 
open symbols: 1.18 jjm mirror set.
6.S.2.2 O utput power
Figure 6.12 shows the average SHG output power of the frequency-doubled 
OPO across the SHG tuning range. For 2.0 W of Ti:sapphire pump power, SHG 
powers as high as 68 mW at 645 nm have been achieved, with powers of over 37 
mW being generated over the entire tuning range of 584.5 - 771 nm. The total 
SHG power of 68 mW, for a signal power of 390 mW represents a conversion 
efficiency of 18%, from signal to SHG and conversions of -20 % and greater 
were achieved across most of the tuning range. Improvements in mode- 
matching and fine-tuning of the system, such as AR coating the focusing lenses 
should lead to further increases in the second harmonic power.
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Figure 6.11
Variation o f second harmonic power normalised as a function o f temperature. 
The experimental data is represented by the closed circles, the theoretical 
temperature bandwidth is represented by the solid lines. This represents type 1 
SHG, the fundamental wavelength is 1.4 pm. The crystal length is 16 mm.
6.S.2.3 Temporal characteristics
The temporal characteristics of the SHG pulses were determined from 
autocorrelation measurements. Figure 6.13 presents the SHG pulse durations 
across the tuning range and it can be observed that the pulse durations follow the 
same pattern as those of the OPO itself. No pulse broadening is, however, 
produced by the additional process of doubling the signal pulses, with the SHG 
pulses having durations in the range 840-880 fs.
Doubling in the negative GVD regime resulted in the pulses being chirp-free 
and transform-limited across the entire range. In the positive GVD regime, the 
doubled signal pulses become increasingly chirped, as was the case with the 
OPO itself, with pulse durations increasing to 1.4 ps at 584 nm. In Figure 6.14 
(a)-(c), a typical autocorrelation of the SHG pulse in the positive GVD regime is 
shown. The modulation in the wings of the interferometric autocorrelation 
cleaiiy indicates the presence of chiip and the time-bandwidth product is 1.538.
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Figure 6.12
The SHG output power from the extracavity frequency-doubled LBO OPO.
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Figure 6.13
SHG signal pulse duration variation across the tuning range o f the SHG LBO 
OPO.
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The dip at the centre of the spectrum may be due to the effect of SPM. In Figure 
6.14 (d)-(f), a typical autocorrelation of the SHG pulse at the same wavelength is 
depicted, only in this case the OPO was dispersion compensated before the pulse 
was frequency-doubled. The output can now be seen to be transform-limited 
with no evidence of SPM on the spectrum. The pulse duration then reduced to 
855 fs.
6.S.2.4 Conclusion
In this section results have been presented that demonstrate wavelength 
generation in the visible by external single-pass frequency-doubling of the LBO 
OPO to provide picosecond pulses in the 584-771 nm range. Conversion 
efficiencies in excess of 20 % have been demonstrated, with output powers in 
excess of 65 mW being measured, when utilising a combination of type I and 
type II temperature-tuned NCPM in LBO. The pulse width of the second 
harmonic was in the region of 840-880 fs. These pulses had bandwidths of the 
order of -  1 nm which will allow time-resolved experiments to be carried out 
which require such a spectral and temporal resolution.
The combination of the Ti:sapphire pump laser tuning range of 770-910 nm 
along with its second harmonic of 385-455 nm and the second harmonic of the 
OPO of 585 - 771 nm and the output of the OPO itself of 1.150 -2.260 |Lim 
provides an almost continuous tuning capability from 385 nm to 2.260 jim. The 
addition of a second Ti: sapphire mirror set would allow the remaining gaps to be 
filled.
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Figure 6.14
Intensity (a, d) and interferometric (b, e) autocorrelation, and the corresponding 
spectrum {c, f)  o f the uncompensated and dispersion compensated SHG signal in 
the region o f positive signal GVD at 585 nm. The uncompensated pulse width 
determined from the intensity autocorrelation is 1.35 ps, and the time-bandwidth 
product is A vA t  ~ 1.538. The dispersion compensated pulse width determined 
from  the intensity autocorrelation is 855 fs, and the time-bandwidth product is 
A vA t  = 0.345.
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6.6 Internally-doubled LBO OPO
In the last section results were presented which demonstrate that single-pass 
frequency-doubling of the OPO produces efficient conversion into the visible. 
This system also has the benefit that it is easy to switch between the signal and 
visible pulses very quickly. However, if higher visible power is required then it 
is advantageous to use intracavity doubling. This process is more complex than 
the extracavity case and utilises the lai'ge intracavity powers available within the 
OPO cavity to achieve substantially higher conversion efficiencies into the 
visible and therefore higher output powers.
An intracavity-frequency-doubled picosecond OPO based solely on LBO is 
described in the following section. Efficient single-pass, frequency-doubling of 
the signal into the red can be achieved by using temperature-tuned NCPM in 
LBO, with two different crystal geometries being required to frequency-double 
the entire signal branch. For both arrangements each LBO crystal was situated at 
a second intracavity focus.
6.6.1 Experimental configuration
The pump source for the frequency-doubled picosecond LBO OPO was a 
commercial self-mode-locked Ti:sapphire laser (Spectra-Physics, Tsunami) 
which was configured for picosecond operation. See Chapter 4 for a detailed 
description of this laser. The intracavity frequency-doubling was performed in 
two 16 mm-long LBO crystals located at the second intracavity focus of a 
standing-wave five-mirror resonator similar to that of Reid et al [8] and is shown 
in Figure 6.15. The singly-resonant OPO cavity comprised a plane mirror, two r 
= -200 mm curved mirrors foiming the primary focus in the OPO crystal and two 
r = -100 mm mirrors that formed the secondary focus in the doubling crystal. 
The type I doubling crystal was cut in an identical geometry to the 30 mm-long 
LBO used as the OPO crystal. Both these crystals were cut for non-critical 
propagation along the x-axis (<j)=0°, 0=90°). The type II doubling crystal was cut 
for non-critical propagation along the z-axis ((j)=0°, 0=0°). All crystals had AR- 
coated end faces centred at 1.4 pm. The frequency-doubling was performed 
using a combination of type I and type II phase-matching with temperature- 
tuning. Because of the limitations imposed by the design of the oven, in order to 
provide continuous coverage in the visible it was necessary to use two crystals 
with type I and type II phase-matching so as to maintain the SHG process above 
room temperature. A more suitable oven design based on Peltier cooling 
(discussed later) will allow frequency-doubling across the available tuning range
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Isolator
A2 Lens r = -200 mm r = -200 mm
f = 10 cm
s^ \ \  "■ “ P*"'
r = -100 mm r = -100mm
Figure 6.15
Schematic o f the frequency-doubled picosecond Ti:sapphire-pumped LBO OPO, 
with the cavity parameters displayed.
with a single crystal cut for type I phase-matching. To access the demonstrated 
visible range, two sets of OPO mirrors were used with highly reflecting 
(R>99.7%) dielectric coatings centred at 1180 and 1400 nm. Both mirror sets 
also had high transmission (T>95%) centred at 800 nm. The parametric 
oscillator was initially aligned without the doubling crystal present and, after 
external orientation, the LBO crystal was inserted into the OPO cavity.
6.6.2 Experimental results
6.6.2.1 Tuning characteristics
In Figure 6.16 the experimental tuning range of frequency-doubled LBO OPO is 
shown as a function of phase-matching temperature. By using a combination of 
pump and temperature-tuning, the second harmonic output tuned from 584 to 
771 nm, for Tiisapphire pump wavelengths covering 770-800 nm and OPO 
crystal temperatures from 110 to 230 °C. The corresponding SHG phase- 
matching temperatures which were in the range 20 to 120 °C are shown in 
Figure 6.17. This figure also indicates the extent to which the visible tuning 
range is split up between the two mirror sets used and between type I and type II 
frequency-doubling. The solid curves represent the predicted tuning range 
derived from the Sellmeier equations of Reference 2 and the temperature- 
dependence of the refractive indices given in Reference 3. It can be observed
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Figure 6.16
Visible range o f the internally frequency-doubled LBO OPO; closed circles: 1.4 
}lm mirror set, open circles: 1.18 pm mirror set, fo r  Ti:sapphire pump 
wavelengths from 770-800nm.
that there is very little extension to the tuning range accessed by the extracavity 
case. This implies that the main restriction to the tuning was the OPO mirror 
réflectivités and not other losses in the cavity. The tuning could also be 
extended if a complementary Ti: sapphire laser mirror set was available in the 
laboratory. The visible range of the OPO can potentially be extended to 
wavelengths as short as 500 nm by using a mirror set for the Ti:sapphire laser 
with high reflectivity from 700-850 nm.
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Figure 6.17
Frequency-doubling temperature required to produce the visible range o f the 
frequency-doubled LBO OPO; closed symbols: 1.4 pm mirror set, open symbols: 
1.18 pm mirror set.
6.6.2.2 Threshold
With 1.1 ps input pump pulses and configured with all highly reflecting mirrors, 
the average pump power threshold for the OPO was about 700 mW at the centre 
of the mirror reflectivity band (see Figure 6.18). The threshold pump pulse 
energy was therefore 8.5 nJ, corresponding to a peak power of 7.8 kW, and peak 
intensity of 720 MW/cm^ inside the LBO crystal. Oscillation could be 
maintained across the entire signal tuning range for average pump powers below 
950 mW. At the extreme of the reflectivity band of the 1.4 pm mirrors, the 
threshold increased above 850 mW but lower thiesholds were available in this 
region using the 1.2 pm  mirror set. With both mirror sets oscillation was 
maintained for an output coupling loss of up to 8%. To maximise frequency- 
doubled output it was desirable to operate with all highly reflecting mirrors. The 
increase in threshold with mirror output coupling was found to be negligible, 
indicating that mirror output coupling is not the dominant loss mechanism here. 
A prediction of the threshold has again been made by using the model of Guha, 
Wu, and Falk [9], this again produces a good fit to the experimental data, as seen
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Figure 6.18
Variation in the average pump-power threshold across the tuning range o f the 
intracavity frequency-doubled LBO OPO. With the theoretical threshold 
indicated by the solid line.
in Figure 6.18. The deviation between the model and the experimental results is 
due to uncertainties in the value of the AR coating with wavelength across the 
entire tuning range of the system. If the exact mirror transmission were know 
across the entire tuning range then the model could be fitted more accurately to 
the whole tuning range.
6.6.2.3 Output power and efficiency
The frequency-doubled output was coupled out from the cavity in two diverging 
beams each containing approximately 25 % of the total power through the r -  
-100mm HR mirrors (T = 50 % @ 650 nm). Fresnel reflections at the surface of 
the frequency-doubling LBO (-15 %) and transmission loss (-35 %) at two other 
HR mirrors accounted for the remaining light. If a dual band mirror coating 
centred at the signal wavelength and with T > 90 % at the second harmonic was 
used then it would be possible to couple the majority of the output into only two 
beams. The output beams were collimated using a 10 cm focal length lens.
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Variation o f frequency-doubled signal power as a function o f wavelength fo r  a 
pump power o f 2  W.
The variation in the second harmonic output power across the visible range 
of the oscillator is shown in Figure 6.19. The data was obtained for 2 W of 
pump power at the input to the OPO crystal, with a cavity configured with all 
highly reflecting mirrors at the signal wavelength. This configuration 
corresponded to the maximum extraction of visible output and a minimum pump 
power threshold of 700 mW. It can be seen from Figure 6.19 that as much as 
320 mW of output power was extracted in the second harmonic, with the power 
remaining above 150 mW almost over the entire visible tuning range. This 
represents a conversion efficiency from the pump to the second harmonic of 
between 7.5 % and 16 %.
The net conversion efficiency from the pump to frequency-doubled signal is 
depicted in Figure 6.20 and remains over 5% for effectively all the available 
tuning range. These values do not account for the residual reflectivity of the 
OPO mirrors in the visible, which was as high as 50 %. Optimisation of the 
reflectivity of these mirrors would result in better extraction of the total 
generated second harmonic power, leading to further increases in useable output 
power and efficiency.
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Figure 6.20
Variation o f frequency-doubled signal power extraction as a function o f 
wavelength fo r a pump power o f 2 W.
The high reflector was replaced with a 2.5 % signal output coupler and 
enabled an estimation of the single-pass conversion efficiency to be made. With 
2 W of pump power the previous value of 320 mW reduced to 210 mW through 
the output coupler at 1.26 |im  with a fundamental power of 80 mW being 
measured. This corresponded to a single-pass conversion efficiency from the 
fundamental to the second haimonic of 3.3 %, when the intracavity power of 3.2 
W is considered. This value is higher than those measured previously in two 
femtosecond intracavity-doubled systems based on KTP and RTA [10].
The visible output powers obtained from this system was indeed very 
substantial as shown above. To illustrate this point a photograph, which is 
displayed in Figure 6.21, was taken which demonstrates the amount of power 
obtained in the red wavelength region.
In Figure 6.22 the variation of SHG power as a function of frequency- 
doubling crystal temperature is shown, i.e. this indicates the extent of the 
temperature acceptance bandwidth available when using LBO in a temperature- 
tuned NCPM geometry as a doubling crystal. This particular Figure is for type I
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Figure 6.22
Variation o f second harmonic power as a function o f temperature, the 
experimental data is represented by the closed circles, the theoretical 
temperature bandwidth is represented by the solid lines. This represents type I 
SHG, the fundamental wavelength is 1.4 pm.
SHG at 1.4 |im. The FWHM at this wavelength was measured to be ~6°C, which 
agrees well with the calculated theoretical value of 6.4°C. A similar procedure 
was carried out for Type II SHG, which also yielded a good match between 
experiment and theory.
6.6 2.4 Temporal characteristics
A 2.5 % signal output coupler was used to replace the high reflector to allow the 
measurement of the fundamental signal pulse duration. One of the high-power 
beams was used as the input to an autocorrelator constructed using a 4 mm-thick 
crystal of BBC and a UV visible photomultiplier tube.
The temporal characteristics of the SHG pulses were similarily determined 
from autocorrelation measurements. Figure 6.23 shows a typical intensity and 
interferometric autocorrelation, and the corresponding spectrum of the 
frequency-doubled signal pulses at a wavelength of 675 nm. The pulse duration
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deduced from the intensity autocorrelation is 840 fs (assuming a sech^ pulse 
profile) for a pump pulse of 1.1 ps. The shape of the interferometric 
autocorrelation is indicative of chirp-free pulses. The spectrum has a smooth 
profile with a spectral width of 0.53 nm and a time-bandwidth product of 0.339. 
These pulses are therefore essentially transform-limited. When the SHG signal 
below 1.2 pm is considered it is found that the pulses have become chirped. 
Figure 6.24 (a)-(c) represents the frequency-doubled signal output in this 
dispersion region. It can be observed from the spectrum that extensive SPM 
exists in this case, this causes the pulse duration to rise to 1.28 ps with the 
corresponding time-bandwidth product now being 1.432. Figure 6.25 illustrates 
the frequency-doubled pulse durations across the entire tuning range and 
demonstrates that the pulse durations remain constant at approximately 850 fs in 
the negative GVD regime, with them rising substantially in the frequency- 
doubled positive GVD regime below 600 nm. Therefore to produce transform- 
limited operation across the entire tuning range dispersion compensation 
measures must be implemented. The SHG pulse duration is determined mainly 
by the nonlineai' pulse shortening, because of the small temporal walkoff in 
LBO. Since the nonlinear gain remains constant across the tuning range, there is 
little change in the SHG pulse duration with wavelength.
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Figure 6.23
(a) Intensity and (b) interferometric autocorrelation, and (c) spectrum o f  
frequency-doubled signal pulses at 675 nm. The pulse duration determined from  
the intensity autocorrelation is 840 fs, with a corresponding time-bandwidth 
product o f 0.339.
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Figure 6.24
Intensity (a, d) and interferometric (b, e) autocorrelation, and the corresponding 
spectrum (c, f)  o f the uncompensated and dispersion compensated SHG signal in 
the region o f positive signal GVD at 585 nm. The uncompensated pulse width 
determined from the intensity autocorrelation is 1.28 ps, and the time-bandwidth 
product is A vA t  = 1.432. The dispersion compensated pulse width determined 
from  the intensity autocorrelation is 845 fs, and the time-bandwidth product is 
A vA t  = 0.348.
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Figure 6.25
SHG signal pulse duration variation across the tuning range o f the SHG LBO 
OPO.
6.6.2.S Cross Correlation
Cross correlations were performed using the same method as previous. The 
results indicating that little or no timing jitter existed on the frequency-doubled 
pulses, as was the case for the OPO itself.
6.6.3 Dispersion compensation
The intracavity-doubled OPO was operated with and without a dispersion 
compensating prism sequence. As discussed previously, in the negative group 
velocity dispersion (GVD) regime, the visible pulses were chirp-free and 
transform-limited across the entire range of 600-771 nm without the need for 
dispersion compensation. In the positive GVD regime, the doubled signal pulses 
became increasingly chirped, as did the fundamental pulses themselves (see 
Chapter 5 § 5.3.9), with pulse durations increasing to 1.4 ps at 584 nm, as shown 
in Figure 6.25. Intracavity dispersion compensation was therefore necessary for 
operation below signal wavelengths of 1.2 |xm, corresponding to the positive 
GVD regime in LBO [11]. This was achieved by the insertion of a pair of SF14
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glass prisms (apex sepaiation, 40 cm) into the OPO cavity, as shown in Figure 
6.15. The pulse depicted in Figure 6.24 can now be seen in its uncompensated 
and dispersion compensated condition. It can be observed that the spectrum is 
now smooth with no sign of the SPM present as in the uncompensated case, with 
the pulse duration now falling to 845 fs, with bandwidth product becoming near 
transform-limited at 0.346. The dispersion compensation resulted in the 
generation of transform-limited second harmonic pulses of duration 840-880 fs 
across the entire tuning range of 584-771 nm, as shown in Figure 6.26. The 
inclusion of the SF14 prism sequence does however lead to an increase in the 
threshold and a reduction in output power of the system and the OPO must be 
monitored to check that these degrading effects are not to great.
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Figure 6.26
SHG signal pulse duration variation across the tuning range o f the SHG LBO 
OPO.
6.6.3.1 Threshold
The addition of the dispersion compensation procedures are essential, if 
transform-limited performance is to be achieved across the entire tuning range of 
the OPO. It would however be unacceptable if this increased performance 
resulted in a very large increase in the threshold of the system, as this could lead 
to device instability. The effect on threshold of incorporating the prism
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sequence is shown in Figure 6.27 in which it can be observed that the threshold 
increases from -750 to 800 mW in the positive GVD regime when the prisms are 
present, representing a small increase of only 7 %. This is therefore not a 
problem, especially as it occurs over only a small section of the tuning range. 
However, it should still be possible to reduce the threshold by further work in 
optimising the prism orientations and positions.
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Figure 6.27
The average threshold o f the intracavity frequency-doubled LBO OPO as a 
function o f signal wavelength.
6.6.3.2 O utput power
The output power of the dispersion compensated OPO can be seen in Figure 
6.28. The addition of the prisms can be seen to produce a reduction in output 
power of less than 10 mW, which is essentially negligible.
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The average output power o f the LBO OPO as a function o f wavelength, fo r  a 
pump power o f 2  W.
6.6.4 Internally-doubled LBO OPO using only Type I SHG
6.6.4.1 Introduction
In the previous sections, it was stated that a combination of two doubling 
crystals was required to frequency double the OPO whilst keeping the doubling 
process below 20 °C and maintaining technical simplicity. By the use of a cool 
air circulation system some progress has been made towards the use of only one 
doubling crystal, namely type I SHG in an x-cut LBO crystal. This system 
allowed the crystal to be cooled to ~10°C which when combined with the large 
frequency “doubling temperature bandwidth of LBO, will allow frequency- 
doubling of almost the entire OPO tuning range using only this crystal.
6.6.4.2 Experimental configuration
The experimental configuration of this setup was identical to the previous 
internally-doubled system, with the only difference being in this instance that 
cold air from an air cooling unit was passed across the faces of the crystal to
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facilitate cooling below room temperature, with heating being achieved as in the 
previous case. The type I doubling crystal was cut in an identical geometry to 
the 30 mm-long LBO used as the OPO crystal. Both these crystals were cut for 
non-critical propagation along the x-axis ((])=0°, 0=90°).
6.6.4.3 Experimental results
Tuning characteristics
In Figure 6.29 the experimental tuning range of frequency-doubled LBO OPO is 
shown as a function of phase-matching temperature. By using a combination of 
pump and/or temperature-tuning, the second harmonic output tuned from 584 to 
771 nm, for Ti:sapphire pump wavelengths covering 770-800 nm and OPO
180
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130U
105 1.4 pm 
Mirrors
1J8 pm
Mirrors
-20
1.61.3 1.4 1.51.0 1.21 . 1
Signal Wavelength (pm)
Figure 6.29
Visible range o f the frequency-doubled LBO OPO; closed circles: 1.4 pm mirror 
set, open circles: 1.18 pm mirror set.
crystal temperature from 110 to 230 °C, as in the previous two crystal frequency- 
doubling case. The corresponding SHG phase-matching temperatures were in 
the range 10 to 105 °C. The solid curves represent the predicted tuning range 
derived from the Sellmeier equations of Reference [2] and the temperature- 
dependence of the refractive indices given in Reference [3]. The discrepancy 
between the theoretical and experimental results is due to the fact that tuning
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below 10 °C is not possible with the current cooling system, so around 1.3 pm 
the SHG is achieved at the extremes of the frequency-doubling acceptance 
bandwidth. This may result in a reduction in output power around a signal 
wavelength of 1.3 pm.
Threshold
With the cavity configures using only high reflector mirrors, the average pump 
power threshold for the OPO in this type I only doubling configuration was 
similar to the previous case. Oscillation could be maintained across the entire 
tuning range for average pump powers below 950 mW (see Figure 6.30).
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%
# 1.4 pm Mirrors
o 1,18 pm Mirrors
o  o
#
1.10 1.20 1.30 1.40
Signal Wavelength (pm)
1 . 5 0 1 . 6 0
Figure 6.30
Variation in the average pump-power threshold across the tuning range o f the 
intracavity frequency-doubled LBO OPO.
S. French, PhD thesis 776 September 1996
Chapter 6 Visible Picosecond Optical Parametric Oscillators
Output power and efficiency
As discussed in the previous section the use of only type I frequency-doubling in 
LBO around 1.3 jLim could not access the entire wavelength tuning range 
properly unless a Peltier cooling system was used. Although it would be 
possible to frequency double without active cooling, the process would not be on 
the centre of the characteristic sinc^-function typical of temperature-tuning. This 
will result in a loss of second harmonic generation, which will in turn lead to a 
reduction in the second harmonic output power across the visible range of the 
oscillator. This is shown in Figure 6.31 which shows that a dip now exists at 
650 nm, an effect not observed in the previous case. The drop in power was as 
much as 70 mW at 650 nm. Therefore, as expected, the lack of proper crystal 
cooling resulted in a substantial reduction of power. This drop in output power 
resulted in the conversion efficiency from the pump to the second harmonic at 
650 nm falling from 16% to 12%.
300
250
1.4 pm Miilrors
$ 200 SI 150 . 18 pm MirrbrsI 100
750 800600 650 700550
SHG Wavelength (nm)
Figure 6.31
The average output power o f the LBO OPO as a function o f wavelength, fo r  a 
pump power o f 2 W. Type I  phase-matching used across the tuning range.
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Amplitude noise measurements
In all three different methods for producing visible radiation, device stability was 
such that each system required no alignment on a day-to-day basis except for 
minor cavity length adjustment. Furthermore, when aligned correctly, 
oscillation persists for several hours at a time without any form of active 
stabilisation. The amplitude noise present on the outputs of all three parametric 
oscillator configurations and the pump laser were compared and typical 
oscillograms are shown in Figure 6.32. Intensity fluctuations on the Ti:sapphire
(a)
(b)
Figure 6.32
Oscillograms showing the amplitude noise (intensity fluctuations) o f the self- 
mode-locked Ti:sapphire pump laser (a), and the internally frequency-doubled 
OPO (b). The timebase is 10 ms/division in each case.
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pump laser were typically less than 1 %, with the frequency-doubled OPO, 
exhibiting amplitude fluctuations of around 4 %. This relatively low value is to 
be expected as the effects of SPM and GVD in the OPO are minimal.
Temporal characteristics
The temporal characteristics of the SHG pulses were determined from 
autocorrelation measurements. Using only type I phase-matching the 
intracavity-doubled OPO was operated with and without a dispersion 
compensating prism sequence. The pulse duration data obtained was very 
similar to that obtained in the previous internal doubling case and so no further 
discussion of the pulse durations are required.
6.7 System improvements
As mentioned in Chapter 5 the use of a ring cavity shown in Figure 6.33 would 
be advantageous for the intracavity doubled LBO OPO. Using a unidirectional 
configuration generates visible pulses in only one direction, which would lead to 
an improvement from the current case in which two output beams are produced. 
Again the major drawback to this cavity is that it can be a good degree harder to 
align and operate.
Self -Mode-locked Ti:sapphire laser 
P = 2.2W  X = 770-910nm  
V = 81 MHz At = 1.1 - 2 ps
Isolator V  Lens ^
To Diagnostics
H R / O C
Both Doubling Mirrors 
r = -100 mm
Figure 6.33
The experimental configuration fo r the intracavity frequency-doubled LBO OPO 
in a ring cavity.
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6.8 Future work
The above method of using just one frequency-doubling crystal is a very 
effective system with the only drawback at present being the dip in power 
incurred at around 1.3 pm. This problem can be solved by the use of a more 
sophisticated cooling system involving a Peltier cooler. To this end, a 
frequency-doubling system using only one doubling ciystal has been designed 
that uses a water cooled Peltier heater (Model no SP 1848-03 AC) supplied by 
Marlow Industries Europe Ltd [12]. This cooler is capable of heating and 
cooling between the temperature range -10 to 120 °C, which easily covers the 
required frequency-doubling temperature range. The Peltier cooler is operated 
using an advanced temperature controller (Model No SE 5000-01) also supplied 
Marlow Industries Europe Ltd [12]. These refinements are currently being 
implemented.
6.9 Conclusion
In conclusion, a further new source of tunable high-repetition-rate picosecond 
pulses for the visible has been demonstrated, which is based on an internally- 
doubled, T i : sapphire-pumped OPO that uses temperature-tuned LBO both as the 
OPO and SHG crystal. Oscillation has been obtained for an input pump power 
of 700 mW with output powers in excess of 320 mW being generated 
representing conversion efficiencies of as much as 16 %. The system is 
continuously tunable from 584 to 771 nm and provides transfoim-limited visible 
pulses with durations of 840-880 fs across the available range. The combination 
of the Ti:sapphire tuning range (770-910 nm), its second harmonic (385-455 
nm), the frequency-doubled OPO (585-771 nm), and the output of the OPO itself 
(1.150-2.260 jim) provides an almost continuous tuning capability from 385 nm 
to 2.260 [im. The use of an optimised mirror set for the Ti:sapphire laser will 
allow the remaining gaps to be filled. Few systems are capable of such wide 
tunability, high output power and transform-limited performance. The only 
slight negative property of this system is the fact that two doubling crystals have 
to be used. The internally-doubled, Ti : sapphire-pumped OPO that uses 
temperature-tuned LBO has also been operated with just one x-cut LBO 
frequency-doubling crystal. Oscillation threshold has increased to 730 mW. 
With the total output powers falling 250 mW, this represents a reduction in 
conversion efficiencies from 16 to 12 %. The system is continuously tunable 
from 584 to 771 nm and can provide transform-limited visible pulses with
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durations of 840-880 fs across the available range as in the two crystal doubling 
case.
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7.1 Introduction
The work described in Chapters 4, 5, and 6 has concentrated on the development 
of sources that produce picosecond pulses that aie tunable from 580 nm to 2.2 
|im. The generation of tunable ultrashort pulses in the neai- to mid-infraied is 
also of considerable interest for many applications in time-resolved 
spectroscopy. Many applications such as the investigation of intraband 
ttansitions in quantum wells require tunable pulses in the 3-5 (xm special region. 
The optical parametric oscillator (OPO) represents a highly effective technique 
for the generation of such radiation. There have previously been two reports on 
Ti: sapphire-pumped OPOs operating in the picosecond time domain. By using 
KTP as the nonlineai* crystal, Nebel et al reported a device with a tunable range 
of 1.052-1.214 |im (signal) and 2.286-2.871 jam (idler) [1], while Ebrahimzadeh 
et al recently demonstrated an OPO based on temperature-tuned LBO [2]. This 
system, which was described in detail in Chapters 4 and 5, was pumped by a 
picosecond Ti:sapphire laser and produced tunable 1.1 ps pulses over the 
wavelength range 1.18 jxm to 2.25 |xm. Although both these materials have 
proved to be excellent for the generation of tunable picosecond pulses in the 
near-infrai'ed, they do not represent the optimal choice of crystal for wavelengths
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beyond -2.5 jxm, primarily because of material absorption. Hence LBO cannot 
be used to achieve efficient parametric generation beyond 2.5 |xm.
7.2 The Arsenate Isomorphs of KTP
In LBO the transmission cut off occurs at around 2.6 jxm and so operation 
beyond this wavelength is not possible. On the other hand, KTP does have the 
advantage that its transparency region extends to -4.5 |xm, but suffers from 
transparency dips at -2.4 jxm and so making operation in this region difficult. 
To achieve efficient parametric generation beyond 2.5 pm one must utilise a 
different nonlinear material.
KTP is just one member of the isomorphic family of nonlinear optical 
materials with the generic composition MTiOXOx where M is K, Rb, TI, NH4 or 
Cs, and X is P or As. Some of these other materials have more advantageous 
nonlinear optical characteristics than KTP, such as a larger dgff. In particular, 
the material KTiOAsOx (KTA) has recently become available as an alternative 
to KTP, and offers improved performance for specific applications. KTA is 
similar to KTP, but with one important difference. As discussed previously, 
KTP has a strong absorption band near X= 3.5 pm due to the orthophosphate 
overtone. KTA has no significant absorptions below X= 3.7 pm, with the 
potential for tuning to wavelengths in mid infra-red spectral region that are 
inaccessible with KTP.
Various OPOs have been demonstrated using the arsenate isomoiphs of KTP, 
namely KTiOAsO# (KTA) [3, 4], CsTiOAsOx (CTA) [5], RbTiOPOa (RTP) [6] 
and RbTi0 As0 4  (RTA) [7]. These materials, especially KTA, have therefore 
been demonstrated to be excellent candidates for mid-infrared generation 
because of a transmission range up to -  5 pm [4]. The strong orthophosphate 
and OH absorption bands of KTP are also not present in its arsenate analogues 
[8], (see Figure 7.1) so that efficient phase-matched wavelength generation is 
possible throughout the infrared transmission window of KTA.
Recently, a Ti:sapphire-pumped femtosecond OPO based on KTA was 
demonstrated by Powers et al [10]. By using a critical phase-matching geometry 
in the x-z plane, average output powers of 75 mW in pulses of 93 fs duration 
were produced over a signal (idler) wavelength range of 1.29-1.44 (1.83-1.91) 
pm. To date no Ti: sapphire-pumped picosecond KTA system has been 
demonstrated.
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Figure 7.1
Comparison o f the transmission spectra o f KTA and KTP (taken from ref [9]).
The work in this chapter describes the design, configuration and operation of 
a picosecond OPO using the material KTA which is pumped by a self-mode- 
locked Ti:sapphire laser. The chapter contains all the relevant features required 
to design a picosecond KTA OPO. A description of the properties of the KTP 
isomorphs is presented. In a similar manner to that of the LBO system important 
features such as phase-matching curves, group velocity dispersion, group 
velocity walkaway, spectral bandwidth and acceptance angle are calculated. 
Detailed results are then presented describing threshold, pump depletion, output 
power, conversion efficiencies, tuning range and pulse durations.
7.3 The KTA Crystal
In this section the reasons for choosing KTA as the nonlinear gain medium are
discussed. KTA is an orthorhombic crystal with point group symmetiy mm2. It
is optically positive biaxial with a transmission range extending over 350-5300
nm. For parametric generation, KTA can be phase-matched in a number of
geometries under both type I and type II interaction, with non-vanishing
nonlinear coefficients. In particular, NCPM can be accomplished along the
crystal optic axes without the deleterious effects of spatial walkoff. The
effective nonlinear coefficient is maximised for the type II interaction along the
optical x-axis ((]) = 0% 0 = 90°) to a value of 3.23 pmW. The NCPM geometry is
also accompanied by large angulai* acceptance bandwidths so that tightly focused
beams can be used without compromising conversion efficiency. These
characteristics are particularly important in efficient parametric conversion of
relatively low-energy, low-peak-power pump pulses with tightly focused beams.
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This is the case with the high-repetition-rate pump pulses available from the 
picosecond Ti:sapphire laser used in these experiments, where typical pulse 
energies of 10-20 nJ with peak powers of around 10-20 kW are delivered in 
focused beam diameters of -50 pm (FWHM).
7.4 Modelling of KTA Crystal Properties
In this section the most important crystal properties relating to the suitability of 
KTA for use as an OPO crystal are discussed.
7.4.1 Pump-Tuning in Type II non-critically phase-matched KTA.
For picosecond operation it is not possible to use angle-tuning due to the large 
crystal lengths required in the low-peak-power case. This would lead to 
unacceptable walk off and so pump-tuned non-critical phase-matching is the 
most useful crystal geometry. The crystal cut used for these experiments was 
type II NCPM along the x-axis and so all the following modelling will relate to 
this geometiy.
In Figure 7.2, the calculated parametric tuning curves in type II KTA are 
depicted for pump wavelengths between 760 nm and 920 nm. This calculation 
was performed by using a similar method to that used in the previous case for 
LBO, using the Sellmeier equations of References [8, 11]. It is seen that for a 
pump wavelength range of 760 to 920 nm that the signal branch is tunable from 
-1.1 to 1.4 pm with the idler branch tunable from 2.3 to 3.1 pm. This therefore 
implies that it will be possible to tune to beyond 3 pm using the Tiisapphire 
mirror set available in the laboratory.
7.4.2 Comparison of tuning for different sets of Sellmeier equations
It is important whenever possible in any experiment to try to match a theoretical 
model to the obtained experimental results as a means to try and understand 
more fully the operation of the device in question. This will enable the device to 
be 'fine tuned' to obtain the optimum response for the required application. In 
OPOs the choice of the most appropriate Sellmeier equations for the crystal is 
generally found by matching the equations to the experimentally obtained tuning 
curves of the OPO. These equations are then used in all further modelling of the 
OPO properties. As an indication of how the choice of Sellmeier equations can 
produce substantial differences in the expected device properties, the same 
tuning curve calculations performed in the above section have been repeated for
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Figure 7.2
Pump-tuning fo r  type IINCPM  along the x-axis with the signal being polarised 
along the y-axis and the idler polarised along the z-axis, where (a) and (b) 
represent the calculated tuning curves using the Sellmeier equations o f 
references [8 ] and [ II  ].
four different sets of KTA Sellmeier equations. The results of these calculations 
are shown in Figure 7.3. The most marked difference is in the idler wavelengths 
obtained at a pump wavelength of 1.1 jim, in which the value changes from 3.2 
|im  for equations of Cheng [8] to a value of 3.6 |im for those of Bosenberg [11]. 
The Sellmeier equations of Cheng et al were found to produce the best match to 
our experimental data and so were used for all further calculations. These 
equations are shown below.
n„ = 2.11055 + 1.031770.21088 Y1 -
0.010641^ (7.1a)
2.38888 + 0.779000^3784 J 0.01501X’ (7.1b)
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Figure 7.3
Comparison o f the tuning range in type II NCPM KTA from four different sets o f 
Sellmeier equations [8, II , 12, 13].
7.5 Parametric conversion efficiency properties
As discussed in Chapter 4 when considering parametric generation it cannot be 
assumed that the phase-mismatch condition Ak, is zero. The acceptance angle 
and spectral bandwidth have been investigated for KTA with the calculations 
being performed using a similar method to that used earlier. These two 
parameters limit the usable crystal length for a given pump beam divergence and 
linewidth.
7.5.1 Acceptance angle
The acceptance angle was calculated for type II NCPM in KTA using the same 
method as for the LBO case. In the geometry being considered the appropriate 
angles aie (|) = 0° and 0 = 90°, substituting these values leads to the following 
equations, for Ak in the x-y (<])) and x-z (0) planes.
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1 1
Ak(8)
+ K x .r 1 1 (A4))'
1 1 (A8):=a(8)(A8)'
These expressions lead to the following solutions in the principal planes 
x-y (4>) direction:
Vla4> = ^0.886x2%
A(|)Vl  = 0.886x2%
1 I 1 1
_  By.%., Bx.X, _
X-Z (8) direction:
Vl A8 = 
A8VL =
0.886x2%
a(8)
0 .8 8 6 x 2 %
1 1
. “ x.X, " Ix , .
(7.2a)
(7.2b)
(7.3)
(7.3a)
(7.4)
(7.4a)
These results are plotted below in Figure 7.4
The values obtained can be observed to be considerably larger than the 
equivalent case for LBO, such that the acceptance angle should not prove to be a 
hinderance in obtaining a good overall conversion efficiency. The NCPM 
allows the use of tightly focused beams because of the large angular acceptance 
angle in this geometry compared with critical configurations.
7.5.2 Spectral acceptance bandwidth
The spectral acceptance bandwidth (see Chapter 4 §4.3.2) was also investigated 
for KTA. The spectral acceptance bandwidth of KTA has been calculated using 
equation 4.10 (see Chapter 4 §4.3.2) for type II NCPM in KTA. This produced 
the plot shown in Figure 7.5, where the variation in the pump acceptance
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Figure 7.4
The calculated acceptance angles in the (j) and 0 direction in pump-tuned KTA 
fo r  non-critical propagation along the optical x-axis.
bandwidth of KTA is shown as a function of signal wavelength. The bandwidth 
values are in the range 2.5-4.5 nm.cm across the available tuning range. The 
spectral bandwidth corresponding to a transform-limited 1 ps pulse at 800 nm is 
around 0.7 nm (sech^ pulse shape assumed). Hence, for 1 ps pump pulses gain 
reduction due to spectral acceptance limitations in KTA is not significant even 
for crystals up to 25 mm or longer.
7.6 Modelling of temporal effects
The temporal effects of group velocity walkaway and group velocity dispersion 
have been calculated for the KTA crystal used in this experiment.
7.6.1 Group velocity walkaway
The differences in the inverse group velocity between the pump, signal, and idler 
pulses have been calculated using the method given in Chapter 4 §4.4.1.
The result of these calculations are shown in Figure 7.6 where the magnitude 
of the inverse group velocity mismatch, Avg"^, between the pump, signal, and 
idler in pump-tuned KTA is plotted as a function of the signal wavelength. The
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Figure 7,5
The calculated spectral acceptance bandwidth in pump-tuned KTA (6-90°, 
(j)=0°).
calculations are based on the Sellmeier equations of Cheng et al [8]. It is seen 
that the temporal walkaway between the resonated signal and pump is about 50- 
160 fs/mm across the tuning range with the corresponding signal/idler and 
pump/idler walkaway amounting to 240-350 fs/mm and 80-300 fs/mm, 
respectively. The walkaway between the pump and resonated signal has a first- 
order effect on OPO oscillation threshold and conversion efficiency [14] and is 
thus the most important parameter in determining the maximum useful 
interaction length. The large value of pump/signal walkaway implies that the 
KTA crystal length usable will be restricted to lengths far shorter than was the 
case for LBO.
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Figure 7.6
The variation in the inverse group velocity mismatch, between the pump,
signal and idler across the tuning range o f the pump-tuned KTA (6-90°, (j)=0°) 
OPO.
7.6.2 Crystal length calculations
It is possible to calculate the maximum useful crystal lengths. This procedure 
was again very similar to the case for LBO (see Chapter 4, §4.4.2). This 
calculation was carried out for a l p s  pulse, the results can be seen in Figure 7.7. 
It can be observed that the maximum crystal length permissible now varies 
between ~6 and 18 mm across the tuning range of the OPO. A crystal length 
must be chosen that is satisfactory at all signal wavelengths, i.e. walkaway must 
be minimal across the entire tuning range of the device. A crystal of length 10 
mm is sufficient across most of the OPO tuning range. The actual crystal used in 
the experiment is discussed in §7.7.
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Figure 7.7
Variation in the maximum useful crystal length across the tuning range o f the 
2Œ4 (6=90° t^=0°; OPO.
7.6.3 Group velocity dispersion
Group velocity dispersion (GVD) is also a very important temporal effect. In 
Figure 7.8, the variation in the pump, signal and idler GVD in KTA is shown 
across the tuning range of the OPO. The GVD values were calculated by 
evaluating the dispersion parameter P" given in Chapter 4, §4.4.3.
It is seen from the plot that the signal GVD in KTA remains in the region 25 
- 120 fsVmm. With the conesponding pump and idler values in the ranges 175 - 
250 fs^/mm and 75 - 500 fsVmm. The most important feature of the GVD values 
is the signal value, as this is the value governing whether or not the resonant 
wave will see a positive or negative GVD. The large positive GVD values 
encountered by the signal wave would imply that the signal pulses should be 
significantly chirped in nature although dispersion broadening generally 
becomes more significant with shorter pump pulse durations and longer 
interaction lengths.
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Figure 7,8
The variation in group velocity dispersion in pump-tuned KTA (9-90°, (f)=0°).
Therefore it may be concluded that the above considerations indicate that 
KTA is an excellent choice of material for use in picosecond OPOs. The 
following section describes the experimental configuration of the OPO.
7.7 The KTA optical parametric oscillator
The configuration of the Ti:sapphire-pumped picosecond KTA OPO is very 
similar to the LBO OPO and is depicted in Figure 7.9. The pump source was 
again a commercial self-mode-locked Ti:sapphire laser (Spectra-Physics, 
Tsunami) which was configured for picosecond operation. The OPO cavity was 
a standing-wave, three-mirror, folded arrangement formed by two concave 
reflectors and a plane mirror through which the output signal was collected. The 
resonator fold angle was kept to <3° to minimise astigmatism. The oscillator was 
singly-resonant and the pump was single-pass. The mirrors used were highly 
reflective single-layer dielectric coatings centred at 1180 nm (R>99.9%) and 
highly transmitting (T>95%) at 800 nm. The back surfaces of the mirrors were 
also antireflection-coated at the centre wavelength of 800 nm. The concave 
mirrors had a radius of curvature r=10 cm, resulting in a signal waist radius of 
20 \im  at the centre of the stability range, see section 7.8.12. No dispersion
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Self -Mode-locked Ti:sapphire laser 
P =  1.7 W X = 7 7 0 -9 0 0 n m  
V = 81 MHz Ax = 1 . 1 - 2  ps
Isolator
f  = 10 cm
A
H R / O C
Figure 7.9
Schematic o f the Ti:sapphire-pumped KTA OPO. The mirrors Mi and M2 have 
radii o f curvature r=10 cm. Xl2 is a half-wave plate. HRIOC denotes a high 
reflector or output coupler.
compensation was included in the cavity. The KTA crystal was cut for type II 
non-critical phase matching along the x-axis with the pump and resonant signal 
wave being polarised along the y-axis and the non-resonant idler wave being 
polarised along the z-axis. The crystal was placed in an insulated oven so that 
temperature-tuning experiments could be performed. As a NCPM geometry was 
used no walk-off existed between the pump, signal and idler beams inside the 
crystal, therefore the crystal length was only restricted by the difference in the 
group velocity of the three wavelengths. For this cut of KTA, the group velocity 
walkaway (GVW) between the signal and pump is in the range 50-160 fs/mm 
and the group velocity dispersion (GVD) for the signal waves ranges from 25 to 
120 fs^/mm over the signal tuning range. These values when incorporated with 
pump pulses of 1-3 ps duration mean that the effects of GVD and GVW should 
not be significant for practical crystal lengths of 10-30 mm. This cut also 
maximises the nonlinear coefficient at 3.23 pm/V and produces a large spectral 
acceptance bandwidth of -5  nm.cm, hence permitting transform-limited pulses 
with large output powers to be produced. The KTA crystal used was 10 mm in 
length with a 3 mm x 3 mm aperture. The end faces of the crystal were coated 
with a Mgp2 antireflection coating centred at 1200 nm (T>99.9%) with low loss 
(T=95%) at 800 nm. The pump beam was focused through the input concave 
mirror to a spot radius of -25 p.m inside the crystal, using a plano-convex lens of
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focal length /=10 cm. Since the OPO was collineaiiy pumped, an optical isolator 
was used between the two cavities to avoid backreflections into the Tiisapphire 
laser. A half-wave plate was also used to rotate the pump polarisation along the 
y-axis of the crystal. The total pump power reduction from the Tiisapphire to the 
OPO was around 400 mW and is accounted for by reflection losses due to 
transmission optics and power loss to diagnostics. A maximum of 1.3 W was 
therefore available at the input to the nonlinear crystal.
7.8 Experimental results
7.8.1. Tuning Characteristics
In Figure 7.10 the measured tuning range of the KTA OPO is plotted for a range 
of pump wavelengths from 770 to 896 nm. With the available mirrors set, the 
signal covered the wavelength range 1.139 to 1.260 jam with the corresponding 
idler coverage being from 2.377 to 3.101 jam. The solid lines represent the
fI
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Figure 7.10
Signal wavelength data (open circles) and inferred idler data (closed circles) fo r  
pump wavelengths from 770 to 896 nm. The solid curves (a) and (b) represent 
the tuning predicted from  the KTA Sellmeier equations o f [8 ] and [11], 
respectively.
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predicted tuning derived from two different sets of Sellmeier equations for KTA 
[8, 11] which best match the experimental data. It is interesting to note that the 
curves of (a) match well for pump wavelengths in the range 770-860 nm, with 
cuiwes (b) producing a better fit at higher pump wavelengths, so unification of 
these equations to produce an improved set may be possible. The obtained 
tuning range provides a considerably more extensive mid-infrared coverage than 
the femtosecond KTA OPO reported previously [10] and that available from the 
picosecond OPO based on KTP [1]. Moreover, the main restriction to the 
demonstrated tuning range is the extent of the pump-tuning available for the 
Tiisapphire laser (770-910 nm) with the existing set of optics. With an 
optimised mirror set, tuning of the pump to -1 p-m will extend the wavelength 
coverage of the signal to ~ 1.5 jam and the idler up to 3.5 jam. The tuning data in 
Figure 7.10 also coiTesponds to minimum OPO cavity length detuning.
7.8.2 Non-phase-matched processes
As with the LBO OPO it was found that in addition to the signal and idler 
beams, the picosecond KTA OPO also produces a further five non-phase- 
matched processes. Single-pass second harmonic generation occurs for the 
pump, signal and idler waves, which for a pump wavelength of 800 nm produces 
outputs at 400 nm, 584.5 nm and 1267 nm. These wavelengths were found to 
have polarisations in the same directions as their corresponding fundamental 
waves. Sum frequency mixing occurs between the pump and signal, producing 
output at 475 nm, and between the pump and idler, producing output at 1249 nm, 
both polarised along the y-axis. Figure 7.11 shows the spectra for second 
haimonic signal at 584.5 nm and the sum frequency output at 475 nm, if these 
pulses are transform-limited then the spectral widths will produce pulse 
durations of 1.0 and 1.02 ps for the radiation at 584.5 and 475 nm, respectively. 
These processes did however also occur across the entire tuning range of the 
OPO, with the tuning range of the doubled signal being shown in Figure 7.12. 
This can be seen to produce an output between 570 to 630 nm. These processes 
produced a range of output powers. However the strongest was the pump 
frequency-doubling with even this only producing 3 mW of power, and so none 
of these processes can be used practically due to the relatively low powers 
produced.
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Figure 7.11
Spectra o f the non-phase-matched signal pulses at 584.5 nm and sum frequency 
generation between the signal and pump at 475 nm.
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Figure 7.12
Frequency-doubled signal wavelength data (open circles) fo r  pump wavelengths 
from  770 to 896 nm. The solid curves (a) and (b) represent the tuning predicted 
from  the KTA Sellmeier equations o f [8 ] and [11], respectively.
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7.8.3 Threshold
With 1.2 ps duration input pump pulses when the cavity was configured with all 
highly reflecting mirrors the minimum oscillation threshold was 230 mW at the 
centre of the mirror reflectivity band (see Figure 7.13). Therefore, the threshold 
pump pulse energy was 2.5 nJ, corresponding to a peak power of 2.4 kW, and 
peak intensity of 240 MW/cm^ inside the KTA crystal. Oscillation could be 
maintained across the entire signal tuning range for average pump powers below 
600 mW. Oscillation could be maintained for an output coupling loss of up to 
15%.
Optimum performance, i.e. highest power output was, however obtained for 
a 7,5 % output coupler. Using this 7.5% output coupler, the threshold increased 
to 250 mW. This small increase due to output coupling indicates that output 
coupling is not the dominant loss mechanism in this system. A prediction of the 
threshold has again been made by using the model of Guha, Wu and Falk [15], 
this again produced a good fit to the experimental data, as seen in Figure 7.13. 
The deviation away from the model is due to the lack of exact infomiation about 
the variation of the mirror AR coatings and transmission across the entire tuning 
range. This data would allow a more accurate fit to the whole tuning range.
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Figure 7.13
Variation in the average pump-power threshold across the tuning range o f the 
KTA OPO.
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7.8.4 Output coupling
As discussed in previous Chapters the correct choice of output coupler has a 
critical effect on the amount of usable energy obtainable from the system. In this 
section the output power from the OPO is measured for a number of different 
values of output coupling. The results presented in Figure 7.14 represent the 
signal output powers, for six different values of output coupling, namely 2, 5, 7, 
7.5, 12.5 and 15 %. It can be observed in Figure 7.14 that the maximum output
500
5%
7%400
?  300
I0- 200 I
100
1.14 1.16 1.18 1.20 1.22 1.24 1.26 1.28
Signal Wavelength {ptm)
Figure 7.14Variation in the output signal power as a function of output coupler transmission in the KTA OPO for 1.3 W of pump power.
power value of 400 mW occurs for the 7.5 % output coupler, the 12.5 and 15 % 
cases lead to 'overcoupling', in which a high output coupling results in a large 
reduction in gain leading to an associated reduction in output power. This effect 
is responsible for the maximum powers reducing to 250 and 200 mW for the
12.5 and 15 % cases, respectively. For the 2, 5 and 7 % cases 'undercoupling' 
takes place, where the lack of output power is simply due to the fact that the 
power is unable to 'escape' from the cavity due to a lack of transmission in the 
output couplers. This process results in the maximum powers reducing to 80, 
120 and 320 mW for the 2, 5 and 7 % values, respectively. The 7.5 % output 
coupler therefore represents the best value of transmission to match the gain and
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loss of the OPO cavity and leads ultimately to theliighest output power. All 
further work in this chapter relates to the 7.5 % output coupler unless otherwise 
stated.
7.8.5 O utput Power and Efficiency
Using the optimum 7.5% output coupler at a signal (idler) wavelength of 1.202 
(2.580) pm, a total average output power of 403 mW was achieved, with this 
power being split into a signal power of 290 mW and a single-pass idler power 
of 113 mW. These values, which were generated for 1.3 W of pump power are, 
shown in Figure 7.15 and correspond to an external efficiency of 31% at 5.2
Idler Wavelength (pm)
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Figure 7.15
Variation o f signal {closed circles), idler (squares) and total power {open 
circles), with a 7.5 % output coupler as a function o f signal wavelength, fo r  a 
pump power o f 1.3 W.
times threshold. At this level the pump depletion was 49%. In the absence of 
optimised output coupling for all signal wavelengths, the maximum output 
power of 403 mW could not be maintained across the entire tuning range (see 
Figure 7.15). The OPO could, however, routinely deliver total output powers in 
excess of 200 mW over most of the available tuning range. This results in the
S. French, PhD thesis 201
September 1996
Chapter 7 The KTA Picosecond Optical Parametric Oscillator
50
40
30
W 20
10
0
n—I—!—Ï—r
#
- I  1- - - - - - 1- - - - - - - r
# Depletion 
o  Extraction##
0
i
1 • •
é
•
ooD
O
O
•#
•
o9
o
O • • •
•  o
o  1 Io  ;Oi
i
f f I 1 ! I ...
1.14 1.16 1.18 1.20 1.22 1.24 1.26 1.28
Signal Wavelength (pm)
Figure 7.16
Variation in the depletion and extraction across the tuning range o f the KTA 
OPO.
total extraction of the system remaining in the range -10-30 % across the 
majority of the tuning range (see Figure 7.16). If optimum transmission output 
coupler coatings were available across the entire tuning range of the OPO then it 
would be possible to extract a far* greater proportion of the depleted power over 
the entire tuning range. There was also found to be no evidence of saturation, 
which implied that significantly higher output powers and conversion 
efficiencies will be available with higher pump powers, longer crystals, or 
improvements in mode-matching. Measurement of the variation of output power 
of the OPO as a function of pump power was performed so that an estimate of 
slope the efficiency could be made. It can be observed in Figure 7.17 that the 
slope efficiency of this device is as high as 38%.
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Figure 7.17
Output power o f the KTA OPO as a function o f input power, fo r  a signal 
wavelength o f 1 . 2  pm.
7.8.6 Amplitude noise measurements
As was the case with the LBO OPO, the KTA is also an extremely robust device. 
When aligned correctly, oscillation persists for several hours at a time without 
any form of active stabilisation. The amplitude noise present on the outputs of 
both the parametric oscillator and the pump laser was compared and typical 
oscillograms are shown in Figure 7.18. Intensity fluctuations on the Tiisapphire 
pump laser are typically less than 1 %, with the OPO exhibiting amplitude 
fluctuations of around 2.5 %. This relatively low value is to be expected as the 
effects of SPM and GVD in the OPO are negligible. This result is again 
consistent with previous experimental and theoretical studies [16, 17] which 
indicated that relatively unstable output can result if there is inadequate spectral 
control in lasers where SPM and GVD are significant.
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(a)
(b)
Figure 7.18
Oscillograms showing the amplitude noise (intensity fluctuations) o f the self- 
mode-locked Ti:sapphire pump laser (a), the OPO (b). The timebase is 10 
ms/division in each case.
7.8.7 Temporal Characteristics
In Figure 7.19 (a)-(c), typical intensity and interferometric autocorrelations and 
corresponding spectra of the signal at a wavelength of 1.248 p,m are shown. The 
corresponding idler pulse data at a wavelength of 3.042 pm is depicted in Figure 
7.19 (d)-(f). The data were recorded at minimum cavity length mismatch and at
5.2 times above oscillation threshold. The idler pulse at 3.042 pm was at the 
time of measurement the longest output wavelength from a synchronously- 
pumped OPO for which a direct intensity or interferometric autocorrelation has 
been reported. The pulse durations deduced from the intensity autocorrelations
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Figure 7.19
Intensity (a, d) and interferometric (b,e) autocorrelation, and the corresponding 
spectrum (c,f) o f signal and idler pulses at 1.248 and 3.042 pm, recorded at 5.2 
times pump threshold. The pulse durations determined from  the intensity 
autocorrelation are 1.02 ps fo r  the signal and 2.9 ps fo r  the idler with 
corresponding time-bandwidth products o f0.334 and 0.338.
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are 1.02 ps for the signal and 2.9 ps for the idler (assuming a sech^ pulse profile) 
for a pump pulse duration of 1.2 ps. The shape of the interferometric 
autocorrelations are indicative of chirp-free pulses. The spectia of both signal 
and idler can be observed to have a smooth profile, with the signal having a 
spectral width of 1.7 nm and a time-bandwidth product of 0.334 and the idler 
having a spectral width of 3.6 nm and a time-bandwidth product of 0.338. These 
pulses aie therefore essentially nansfoiTn-limited. The lack of chirp in the signal 
autocorrelation indicates that pulse broadening due to the effects of GVD is not 
present here, even though in this wavelength region in KTA the GVD is 
significantly positive. This is to be expected because the effects of GVD are 
generally not so significant with picosecond pulses when using the relatively 
short crystal lengths, as is the case here. The smooth profile of the spectra also 
indicates that no self phase modulation is present. Figure. 7.20 shows the 
valuation in the signal and idler pulse durations across the OPO tuning range. It
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Figure 720
Variation in signal and idler pulse durations across the tuning range o f the KTA 
OPO, fo r a pump power o f 13  W.
can be obseiwed that the signal pulse duration vaiies only minimally from 1.01 to
1.03 ps, with more extensive vaiiation In the idler from 1.61 to 2.91 ps over the 
tuning range. The variation in the signal pulse durations may be accounted for
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by the small differences in the output coupling across the tuning range which 
result in changes in the pump threshold. The increase in idler pulse durations is 
due to insufficient spectral bandwidth being present to support pulses of shorter 
duration, the idler spectral bandwidth at 3.042 p-m is found to have a value of -  
3.5 nm which corresponds to a transform-limited pulse duration of ~ 3 ps. To 
support a transform-limited 1 ps pulse at this wavelength would require a 
bandwidth of ~ 10 nm. However, it can be observed that both the signal and 
idler pulses remain essentially chirp-free and tr ansform-limited across the tuning 
range witliout the need for dispersion compensation.
Investigation of the variation of signal pulse duration with pump depletion 
was also performed by recording autocoiTelation data for a range of input pump 
powers from 250 mW to the maximum available of 1.3 W, the results of this 
study are shown in Figure 7.21. It was found that the signal pulse length
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Figure 721
Variation in signal pulse durations as a function o f pump power.
increased from 400 fs at 1.22 times threshold to 1.02 ps at 5.2 times above 
threshold. This behaviour is consistent with the theoretical predictions of 
Cheung and Liu [14] and of Becker et al [20] where the change in the curvature 
of the pump pulse due to depletion is suggested to be responsible for pulse 
broadening. However, it is interesting to note that the shortest signal pulse
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duration of 400 fs measured in these experiment was slightly lower than the 
minimum attainable pulse width of 480 fs (-0.4 times the pump pulse width) 
predicted by theory [14, 18].
7.8.8 Cross correlation
As was the case for the LBO systems, cross correlation measurements were 
callied out between the pump, signal and idler waves, with the results indicating 
that again timing jitter is not significant.
7.8.9 Cavity Tuning
Operating the OPO across its cavity synchronous range of typically 25 p.m 
(FWHM) produced a tuning in the signal of 25 nm and 122 nm in the idler (see 
Figure 7.22 (a)). This fine tuning occurs across the entire wavelength range of 
the device and extended the tuning range of the OPO to 1.116-1.281 pm  and 
2.260-3.160 fim for the signal and idler, respectively (see Figure 7.23). The 
reasons for this wavelength tuning were discussed in detail in Chapter 5. For 
this OPO, a detuning range of 25 jam (FWHM) was obseiwed when pumping at 
around 5.2 times threshold. At higher pump powers longer detuning ranges will 
be available because of the increase in the signal pulse duration with pump 
depletion and higher instantaneous gains. It is also important to note that the 
signal wavelength shift of 25 nm in this OPO is much larger than other 
picosecond systems based on KTP [1] and is in fact similar* to that observed in 
femtosecond oscillators [19-28].
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Figure 722
(a) Cavity synchronous range and (b) signal wavelength detuning in the KTA 
OPO. In (a) the FWHM synchronous range o f the cavity is 25 pm. In (b) the 
straight line represents the best f i t  to the experimental data.
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Figure 7.23Cavity tuning extremes showing signal wavelength data and inferred idler data for pump wavelengths from 770 to 896 nm.
7.8.10 Temperature-Tuning
KTP is known to only be slowly temperature tunable, i.e. its refractive indices 
are not sensitive to temperature variations [29, 30]. This therefore results in a 
situation that if a NCPM geometry is chosen then tuning is restricted to pump- 
tuning only. This situation is acceptable if the pump source is tunable, as was 
the case in this work with the Tiisapphire laser. If, however, the pump source 
was, for example a Y AG laser in which pump-tuning is not possible then it 
would be useful if the OPO crystal being used was temperature tunable, as is the 
case with LBO. KTA is chemically similar to KTP and so it was thought that 
temperature-tuning would be unlikely in this material. However, a measurement 
was performed to assess the extent of the temperature tunablility which could be 
made. The KTA OPO was temperature-tuned as a means to ascertain if this 
method of tuning was practical and it was found that heating the crystal up to 
100 °C yielded a shift in signal wavelength of less than 1 nm (see Figure 7.24). 
Although this result indicates that tuning of this kind is not practical in KTA, it 
also shows that this device will be impervious to variations in temperature that 
may occur in the laboratory, hence leading to good output stability.
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Figure 724
Variation in signal and idler wavelengths as the KTA OPO is temperature-tuned. 
7.8.11 Angle-Tuning in KTA
It was discussed previously that angle-tuning was generally not possible for 
picosecond systems. However, as an exercise in extending the tunability of the 
system it was decided to try and angle tune the crystal in the 3 principal planes, 
namely x-z, x-y and y-z planes. The angle-tuning behaviour of KTA is shown 
below in Figure 7.25, for a pump wavelength of 800 nm. This again shows that 
the chosen crystal cut maximises the nonlinear coefficient. Each plane will be 
discussed in turn with the available tuning of each discussed, along with the 
measurement of the variations in thresholds and output power as the crystal is 
rotated.
7.8.11.1 The x-z Plane
Rotation in this plane is obtained by rotating the crystal vertically, this keep the 
angle (|) constant at 0° and varies the angle 0.
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Figure 7.25
Phase-matching curves (a) and effective nonlinear coefficient (b) in the principal 
optical planes fo r  type II parametric interaction in KTA with a pump wavelength 
o f800 nm. Refractive index data used in calculations are from Ref. [8 ].
Tuning characteristics
Figure 7.26 demonstrates the extent to which it is possible to angle tune in this 
system. From an initial 0 angle of 90° it was possible to tune the OPO to an 
internal angle of 87.8 °, i.e. it was possible to tune the system by 2.2 °. This 
produced a change in the signal wavelength from an initial value of 1.169 }xm to 
a value of 1.175 |im, representing a change in the idler from 2.54 to 2.50 jam. 
Several features effected the limited tunability of this arrangement. The main 
restriction was the limited aperture available, as the crystal was 10 mm long. 
Rotation resulted in rapid reduction in the available path through the crystal. 
Rotating the crystal also increased the walk off from the initial value of zero 
from the NCPM condition. A reduction in the deff will also be a factor that 
restricts the tunability of the system.
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Figure 726
Tuning cutye fo r  type II angle-tuned parametric interaction in KTA, in the x-z 
plane fo r  a pump wavelength o f 800 nm. Refractive index data used in 
calculations are from Ref. [SJ.
Threshold and Output Power
The reduction in the effective nonlinear coefficient should result in an increase in 
threshold, as the gain of the system is reduced. The variation of the threshold of 
the system as the crystal is rotated can be seen in Figure 7.27 in which it can be 
seen that the threshold increases very rapidly from 320 mW to 710 mW, this can 
be attributed to the apeituiing of the beam. The total output power can also be 
seen to drop rapidly from 275 to 38 mW. No additional variation in pulse 
duration was observed other than that already found to occur for pump-tuning 
wavelength variation. Similar results were obtained for the x-y and y-z planes, 
in which only small tunability was observed, coupled with a large increase in 
threshold and a large reduction in output power. Therefore it may be concluded 
that as predicted this method of tuning in picosecond systems is essentially 
impractical.
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Figure 7.27
Variation in threshold and output power for type II angle-tuned parametric 
interaction in KTA, in the x-z plane fo r a pump wavelength o f800 nm.
7.8.12 Cavity Comparisons
In section 1.1 it was stated that the cavity fold mirrors had a radius of curvature 
of 10 cm. This value of curvature was not the only value that led to good mode- 
matching and cavity stability for the OPO. Mirrors of radii of curvature 10, 15 
and 20 cm all produced good cavity stability parameters. However it was 
impossible to theoretically deduce exactly which mirrors would produce the best 
performance, i.e. the largest output power, etc. To this end, the cavity was 
configured for each set of mirrors to ascertain which produced the best 
performance. In this section a comparison of the operation of the KTA OPO is 
given for the three different sets of identically coated cavity fold mirrors, namely 
10, 15 and 20 cm radii of curvature.
7.8.12.1 Threshold
With 1.2 ps duration pump pulses and the cavity configured with all highly 
reflecting mirrors the minimum oscillation threshold was 230 mW for the 10 cm 
mirrors, with the 15 and 20 cm mirrors having values of 300 and 360 mW
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respectively, see Figure 7.28. These values correspond to threshold pulse 
energies of ~ 3, 4 and 4.7 nJ and to peak power densities of 80, 104 and 125 
MW/cm^ inside the crystal. The 15 cm mirror threshold represents an increase 
of 30 % from the 10 cm case with the 20 cm cavity value representing a 56 %
800
10 cm Mirrors
15 cm Mirrors700
20 cm Mirrors
0  600 
B
?  5001400
300
200
1.12 1.14 1.16 1.18 1.20 1.22 1.24 1.26 1.28
Signal Wavelength (pim)
Figure 7.28
Comparison o f threshold in the 3 cavity configurations.
increase from the best situation. It was these measurements that led to the 
decision to use the 10 cm radius of curvature mirrors for the KTA OPO cavity. 
The ability to operate as far as possible above threshold is very desirable as it 
leads to good device stability. It was also expected that the 10 cm mirrors would 
produce the highest output powers as the greatest depletion would be produced 
from this mirror set.
7.8.12.2 Tuning Characteristics
Figure 7.29 represents the difference in the extent of tuning obtained for the 3 
different cavities. It can be observed that the results produced by the 15 and 20 
cm mirrors sets are very similar, with the signal branches in both cases tuning 
from 1.139 to 1.259 pm, with corresponding idler branches of 2.377 to 2.746 
pm. Greater tuning is obtained for the 10 cm mirror set with the signal branch 
now tuning from 1.139 to 1.261 pm. This has a corresponding idler tuning range
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Figure 7.29
Comparison o f tuning in the 3 cavity configurations.
of 2.377 to 3.095 |xm so, in this case, tuning beyond the important 3 pm barrier 
is obtained,
7.8.12.3 Output power
Figure 7.30 represents the different power levels produced from the 3 cavity 
configurations. In the previous threshold section it was stated that the 10 cm 
mirrors would produce the largest output powers. It can be observed that the 20 
and 15 cm mirrors sets produce maximum output powers of 220 and 250 mW, 
respectively. The 10 cm cavity produces up to 400 mW which represents an 
increase of 83 % from the 20 cm case. Hence the 10 cm cavity can be seen to 
produce a more favourable cavity properties, such as lower threshold and higher 
output powers and hence this is what led to the use of this curvature of mirrors in 
the KTA OPO cavity.
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Comparison o f output power in the 3 cavity configurations.
7.9 Intracavity frequency-doubled KTA OPO
In the last chapter the internal doubling of the LBO OPO was demonstrated, with 
wavelengths in the range 584 to 771 nm being produced. If the signal branch of 
the KTA OPO of 1.139 - 1.281 pm  is internally-doubled, this would produce 
wavelengths in the range 569.5-640.5 nm. This would lower the bottom edge of 
the wavelengths currently available from 584 to 569.5 nm. The results for this 
experiment are presented in the next section.
7.9.1 Experimental configuration
The cavity configuration for the frequency-doubled picosecond KTA OPO was 
similar to that for the internally-doubled LBO system (see Figure 7.31). The 
intracavity frequency-doubling was performed using type I SHG with the LBO 
doubling crystal cut for non-critical propagation along the x-axis (({)=0°, 0=90®). 
The OPO mirrors were used with highly reflecting (R>99.7%) multi-layer single 
stack dielectric coatings centred at 1180 nm. The mirrors also had high 
transmission (T>95%) centred at 800 nm.
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Picosecond Self -Mode-locked Ti:sapphire laser
P =  1.7 W X, = 770 - 900 nm
V =81 MHz Ax= 1.1 -2  ps
Isolator
2 Lens r=  -100 mm r = -100 mm
f = 10 cm
r = -100 mm r = -100 mm
Figure 7.31
Schematic o f the frequency-doubled picosecond Ti:sapphire-pumped KTA OPO, 
with the cavity parameters displayed.
7.9.2 Experimental results
7.9.2.1 Tuning characteristics
In Figure 7,32 the experimental tuning range of frequency-doubled KTA OPO is 
shown as a function of pump wavelength. The second harmonic output tuned 
from 569 to 640 nm, for Ti:sapphire pump wavelengths in the range 770-890 
nm. The corresponding SHG phase-matching temperatures which were in the 
range 20 to 100 °C are shown in Figure 7.33. The solid cuiwes represent the 
predicted tuning range derived from the Sellmeier equations of References [8] 
and [11]. The tuning could also be extended beyond 650 nm if an optimised 
miiTor set for the Tirsapphke laser with reflectivity above 900 nm was used.
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Figure 732
Visible range o f the frequency-doubled KTA OPO, (a) and (b) as previously.
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Figure 7.33
SHG temperature required to frequency double the output o f the KTA OPO.
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7.9.2.2 Threshold
With 1.2 ps input pump pulses and configured with all highly reflecting miiTors, 
the average pump power tlueshold for the KTA OPO was about 260 mW at the 
centre of the m inor reflectivity band (see Figure 7.34). Oscillation could be 
maintained across the entire signal tuning range for average pump powers below 
700 mW. A prediction of the threshold has again been made by using tire model 
of Guha, Wu and Falk [15], this again produces a good fit to the experimental 
data, as seen in Figure 7.34. The deviation between the model and the 
experimental results is again due to uncertainties in the variation of the value of 
the AR coating of the minors and crystal with wavelength. If these values were 
known more precisely then a better fit between the model and the experimental 
results could be made.
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Figure 7.34
Variation in the average pump-power threshold across the tuning range o f the 
intracavity frequency-doubled KTA OPO.
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Figure 735
Variation o f frequency-doubled signal power as a function o f wavelength fo r a 
pump power o f 13  W.
T.9.2.3 Output power and efficiency
The light was coupled out from the cavity through the r -  -100mm HR mirrors 
(T = 50 % @ 670 nm) in two diverging beams each containing approximately 
25 % of the total power.
The variation in the second harmonic output power across the visible range 
of the oscillator is shown in Figure 7.35. The data was obtained for 1.3 W of 
pump power at the input to the OPO crystal, with a cavity configured with all 
highly reflecting mirrors at the signal wavelength. This configuration 
corresponded to the maximum extr action of visible output and a minimum pump 
power threshold of 260 mW. It can be seen from Figure 7.35 that as much as 
145 mW of output power was extracted in the second harmonic. This represents 
a conversion efficiency from the pump to the visible of 11.2 % .
7.9 2.4 Temporal characteristics
The temporal characteristics of the SHG pulses were determined from 
autocorrelation measurements. Figure 7.36 shows a typical intensity and
S. French, PhD thesis 221
September 1996
Chapter 7 The KTA Picosecond Optical Parametric Oscillator
§1
I
I<
3 -
0 -
2 -
0 —
At =  850 fs
AvAt = 0.337
0 +1 
Delay (ps)
1.0
AX, = 0.41 nm0.75
0.50
b^  0.25cu
0.0 560 561.4559.6
Wavelength (nm)
Figure 736
(a) Intensity and (b) interferometric autocorrelation, and (c) spectrum o f 
frequency-doubled signal pulses at 560 nm. The pulse duration determined from  
the intensity autocorrelation is 850 fs, with a corresponding time-bandwidth 
product 0337.
interferometric autocorrelation, and the corresponding spectrum of the 
frequency-doubled signal pulses at a wavelength of 560 nm. The pulse duration
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Figure 737
SHG signal pulse duration variation across the tuning range o f the SHG KTA
deduced from the intensity autocorrelation is 850 fs (assuming a sech^ pulse 
profile) for a pump pulse of 1.2 ps. The shape of the interferometric 
autocorrelation is indicative of chirp-free pulses. The spectrum has a smooth 
profile with a spectral width of 0.41 nm and a time-bandwidth product of 0.337. 
These pulses are therefore essentially transform-limited. Figure 7.37 depicts the 
frequency-doubled pulse durations across the entire tuning range and 
demonstrates that the pulse durations remain constant at approximately 850 fs. 
The SHG pulse duration is determined mainly by the nonlineai* pulse shortening, 
because of the small temporal walkoff in LBO. Since the nonlinear gain remains 
constant across the tuning range, there is little change in the SHG pulse duration 
with wavelength.
7.10 Conclusions
In conclusion, this chapter has presented a chaiacterisation of an OPO developed 
to access wavelengths beyond 2.5 pm. This new source of tunable picosecond 
pulses for the near - to mid - infrared is based on the material KTi0As04 (KTA). 
Oscillation has been obtained for input pump powers as low as 230 mW. The
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system produces total output powers in excess of 403 mW with conversion 
efficiencies of 31 % at 5.2 times threshold. Transform-limited signal and idler 
pulses of 1.02 and 2.9 ps have been generated over the tuning ranges 1.139- 
1.281 pm and 2.377-3.160 qm. The performance of the KTA OPO clearly 
demonstrates the potential of this material for efficient generation of high-power 
and tiansform-limited pulses in the neai’ -to mid-infrai'ed. This system has also 
been internally-doubled to produce tuning in tlie wavelength range 569.5 - 640.5 
nm. Oscillation has been obtained for an input pump power of 260 mW with 
output powers in excess of 145 mW being generated, representing conversion 
efficiencies of as much as 11 %. The system provided tiansform-limited visible 
pulses with durations of 850 fs across the available range.
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8.1 Conclusions
The work in this thesis describes the design, configuration and operation of 
picosecond optical parametric oscillators tunable from the visible to mid- 
infrared. These systems were based on the materials LiBgOg (LBO) and 
KTi0 As0 4  (KTA), and were pumped by a self-mode-locked Tirsapphire laser at 
a repetition rate of 81 MHz. These devices were developed to be used as sources 
with which to perform time-resolved spectroscopy on quantum well structures. 
The results of measurements presented in preceding chapters indicate that 
ultrafast OPOs are versatile and widely tunable sources that are suitable for 
practical applications.
Chapter 1 provided an introduction to the field of picosecond OPOs and 
compared the performance of these devices with conventional mode-locked 
lasers producing picosecond pulses in the visible to mid-infrared. Chapter 1 also 
charted the progress to the present day of singly-resonant picosecond optical 
parametric oscillators from earlier systems which relied on pulsed or doubly- 
resonant operation.
The operation of the self-mode-locked Ti:sapphire pump laser was discussed 
in Chapter 2. This chapter gave an outline of the most salient features relating to 
the propagation of ultrashort pulses in transparent nonlinear optical media. A 
description of the apparatus used to characterise the temporal and spectral 
components of the picosecond pulses was also given. The Ti:sapphire laser used 
as the pump source for the optical parametric oscillators was continuously 
tunable from 770-910 nm, limited by the available mirror sets. Average output 
power of over 2.2 W was produced across most of the tuning range. The laser 
produced 1.1 ps transform-limited pulses across the entire continuous tuning 
range.
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In Chapter 3 the design criteria required to produce an effective picosecond 
optical parametric oscillator were discussed. Calculations were performed to 
demonstrate how the determination of the appropriate choice of crystal was 
undertaken to meet the particular tuning or temporal requirements of specific 
systems.
In Chapter 4 the above criteria were used to produce the initial design of the 
picosecond parametric oscillator which was based on a 16 mm long crystal of 
LBO. This system produced transform-limited signal pulses with durations of 
-720 fs. Total average output powers of up to 90 mW over the signal and idler 
tuning ranges of 1.374-1.530 pm and 1.676-1.828 fim were generated at 1.3 
times the 900 mW threshold. Because of the small temporal walk-off and large 
spectral acceptance bandwidths of LBO, the use of longer crystals was expected 
to improve the overall perfonnance of the oscillator. Although this device 
proved to be highly tunable with moderate output power levels it suffered from 
poor stability, which would have rendered it very difficult to use as a source for 
experiments and so improved stability had to be achieved.
In Chapter 5 an improved system was described which utilised a new LBO 
crystal of length 30 mm in contrast to the 16 mm long crystal used previously.
This longer crystal became available as crystal production techniques improved 
since the date of the work performed on the 16 mm system. Calculations 
performed showed that this length was very close to the optimum length of 
crystal. This LBO system was found to be a powerful and versatile source of 
high-repetition-rate picosecond pulses for the near-infrared. It provided 
transform-limited 1.1 ps signal and 2.1 ps idler pulses over a wavelength range 
from 1.2 to 2.2 fim, without the requirement for dispersion compensation in the 
cavity. Transform-limited signal and idler pulses beyond these limits were also 
readily attainable with intracavity dispersion compensation, with little resulting 
degradation in performance. The addition of dispersion compensation resulted i
in a small increase in the threshold from 350 mW to 450 mW and a small ;
reduction in output power of -  90 mW. The tuning range of the LBO OPO was I
continuous except close to wavelength degeneracy and the total wavelength i
coverage extended from 1.160 to 2.185 jim, with a single LBO crystal. This 1Ispectral range was limited by the tunability of the pump laser and could be ,
further extended to cover the range 1-2.4 p.m with a new Ti:sapphire mirror set. |
Up to 690 mW of infrared average power was generated for 2 W of input |
pump power at 5 times threshold. For this output power a depletion of 52 % was j
achieved with a corresponding external extraction efficiency of 34.5 %. Despite j
I
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the requirement for cavity length synchronism, the LBO OPO was a remarkably 
robust and stable source, capable of routine day-to-day operation without the 
need for re-alignment of the resonator. In the absence of cavity length 
stabilisation, oscillation was maintained for extended periods of several hours at 
a time without re-adjustments of cavity length. The continuous wavelength 
coverage of LBO OPO with a single crystal is not available to similar 
Ti:sapphire-pumped picosecond OPOs and its output power capability, high 
efficiency and transform-limited performance is unmatched by most solid state 
pump based systems. As such, the LBO OPO represents a highly versatile, yet 
simple and cost-effective source of picosecond near-infrared pulses which will 
be useful as a source for many applications.
In Chapter 6 picosecond pulse generation in the visible by external single­
pass frequency-doubling of the LBO OPO to provide picosecond pulses in the 
584-771 nm range was discussed. Conversion efficiencies in excess of 20 % 
were demonstrated, with output powers in excess of 65 mW being measured, 
when utilising a combination of type I and type II temperature-tuned NCPM in 
LBO. The pulse width of the second harmonic was typically in the region of 
840-880 fs. These pulses had bandwidths of the order of -  1 nm which allow 
time-resolved experiments to be carried out which require such a spectral and 
temporal resolution.
A further source of high-repetition-rate picosecond pulses for the visible was 
also demonstrated in Chapter 6, based on an internally-doubled, Ti:sapphire- 
pumped OPO that used temperature-tuned LBO both as the OPO and SHG 
crystal. Oscillation was obtained for an input pump power of 700 mW with 
output powers in excess of 320 mW being generated, corresponding to 
conversion efficiencies of as much as 16 %. The system was continuously 
tunable from 584 to 771 nm and provided transform-limited visible pulses with 
durations of 840-880 fs across the available range. The combination of the 
Ti:sapphire tuning range (770-910 nm), its second harmonic (385-455 nm), the 
frequency-doubled OPO (585-771 nm), and the output of the OPO itself (1.150-
2.260 |im) provides an almost continuous tuning capability from 385 nm to
2.260 |im  (see Figure 8.1). The use of an optimised mirror set for the 
Ti: sapphire laser will allow the remaining gaps to be filled. Few systems are 
capable of such wide tunability, high output power and transform-limited 
performance.
The ability to tune to wavelengths beyond 2.5 jim was also of interest in the 
study of intra-band transitions in quantum well structures. To this end, a new
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Figure 8 .1
Available power from all the Ti:sapphire-laser-pumped picosecond OPOs 
reported in this thesis.
source of tunable picosecond pulses for the near - to mid - infrared was described 
in Chapter 7, which was based on the material KTi0As04 (KTA).
Oscillation was obtained for input pump powers as low as 230 mW. The 
system produced total output powers in excess of 403 mW with conversion 
efficiencies of 31 % at 5.2 times threshold. Transform-limited signal and idler 
pulses of 1.02 ps and 2.9 ps duration were generated over the tuning ranges of 
1.139-1.281 pm  and 2.377-3.160 pm. The performance of this KTA OPO 
clearly demonstrates the potential of this material for efficient generation of 
high-power and transform-limited pulses in the near-to mid-infrared. This 
system was also internally-doubled to produce transform-limited pulses with 
durations of 850 fs in the visible wavelength range 569.5 - 640.5 nm. Oscillation 
was obtained for an input pump power of 260 mW with output powers in excess 
of 145 mW being generated corresponding to conversion efficiencies of as much 
as 11 %. The combination of all these devices allows the production of 
picosecond pulses tunable from 385 nm to 3.160 pm, as shown in Figure 8.2.
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Figure 8.2
Available power from all the picosecond OPOs reported in this work as well as 
the fundamental and frequency-doubled output from the Ti .'sapphire pump laser.
The powers required to perform pump-probe spectroscopy of semiconductor 
materials and devices are of the order of 1-10 mW. It can clearly be seen from 
Figure 8.1 that the powers available from the OPOs demonstrated in this work 
are in the range 100-400 mW across the extremely large tuning range. Hence 
these devices produce well above the required power for such applications and 
so should be ideally suited for their intended use. The addition of the tuning of 
the Ti:sapphire laser and its frequency-doubled output is demonstrated in Figure 
8.2, which shows that powers of the order of 100mW-2.2W are available over 
almost the entire 385 nm-3.160 pm  tuning range. The contributions from each 
system are shown in Table 8.1.
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Tunable Source Tuning Range
SHG Tirsapphire Laser 385 - 455 nm
SHG KTA OPO 569.5 - 640.5 nm
SHG LBO Laser 584 - 771 nm
Tirsapphire Laser 770 - 910 nm
KTA OPO 1.139- 1.281 pm  and 2.333 - 3.160/^m
LBO OPO 1.150 - 2.260 }xm
Table 8 .1
Wavelength ranges available from each o f the tunable sources described in this 
thesis.
As discussed previously the compromise between spectral and temporal 
requirements leads to the situation that pulses of the order of a picosecond are 
optimal for performing pump probe spectroscopy. In Figure 8.3 the pulse 
durations produced by the various systems are shown and it can be observed that 
the available pulse durations vary between 850 fs and I ps, for the resonant
3.0
Ti: sapphire 
SHG Ti:sapphire 
LBO
SHG LBO 
KTA
SHG KTA
2.5
o.
2.0§
S
0.5
2000 25(X)0 500 1000 1500 3000 3500
Wavelength (nm)
Figure 8.3
Pulse durations from all the picosecond OPOs reported here as well as the 
fundamental and frequency-doubled output from the Ti.'sapphire pump laser.
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signal waves and the frequency doubled waves (the dispersion-compensated and 
non-dispersion-compensated cases are shown). The non-resonant idler waves 
have larger pulse durations of the order of 2 ps. At 800 nm a transform-limited 1 
ps pulse has a spectral width of 0.71 nm, whereas a 500 fs pulse has a spectral 
content of 0.84 nm. This implies that the pulses produced by the combination of 
devices offer the desired degree of temporal and spectral compromise. The pulse 
durations can be varied in a number of manners. The Ti: sapphire laser pulses 
can be varied from 1 ps to 2.5 ps by varying the GTI position, whereas the OPO 
pulse durations can be varied by changing the amount of depletion encountered 
by pump pulses and by the extent to which the device is operated above 
threshold.
8.2 Future developments
The main thrust behind the development of these picosecond optical parametric 
oscillators was as sources to provide tunable synchronised pulse sequences in 
different regions of the optical spectrum. As discussed above these sources can 
be used in time-resolved measurements on quantum well structures. It is 
possible to produce further sources in other spectral regions by the use of 
intracavity and extracavity nonlinear frequency-conversion techniques. Such 
techniques can produce picosecond pulses from the ultraviolet to the mid- 
infrared. The timing jitter in these systems has been shown to be very low and 
so they should find many more uses in applications such as, pump-probe 
applications. The following section discusses the development of future systems 
that should allow improved OPO performance as well as further increasing the 
available tuning range.
8.2.1 New cavity configurations
It is advantageous if cavity configurations can be developed that produce as low 
a threshold as possible as well as producing very high output powers. Reid et al 
[1] have recently developed a semi-monolithic femtosecond Ti:sapphire-pumped 
RbTi0 As0 4  (RTA) OPO that has one of the cavity mirrors on the face of the 
OPO crystal itself (see Figure 8.4). This produces a simplified cavity as well as 
reducing the losses incurred by the pump beam as it no longer has to pass 
through the input external cavity mirror. This arrangement also allows much 
tighter focussing, which means that shorter crystal lengths can be used, which is 
advantageous for picosecond operation. For 1.1 W of Ti:sapphire pump power, 
this device has produced -300 mW in the signal around 1.3 |im  and -200 mW in 
the idler around 2.2 jam, therefore near 50 % conversion efficiencies are
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achievable. It is proposed that the picosecond KTA system discussed in Chapter 
7 shall be modified to this arrangement, to see if any system improvement 
results.
8.2.2 Picosecond pulse generation in the 3 - 5 |im region
The ability to access wavelengths in the 3-5 pm region is expected to become 
popular in the near future as the need for sources that can be used to probe intra 
sub-band transitions in quantum wells is expected to increase. Infrared 
spectroscopy in and around the 3 pm region also provides a great deal of 
information on chemical and biological systems. The fundamental stretching 
modes for the OH, CH and NH groups lie in this important spectroscopic region, 
see Figure 8.5 [2J.
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2.0
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O-H region
Figure 8 5
Chemically important infrared absorption bands in and around the 3 pm region.
8.2.2.1 Techniques for producing 3-5 pm radiation
A variety of techniques to produces radiation in this region exists. One proposed 
method is to produce these wavelengths by difference-frequency mixing the 
signal and idler outputs of a picosecond optical parametric oscillator in an 
internal difference frequency mixing scheme. The intracavity mixing scheme 
proposed would involve the extending of the cavity described above and is 
depicted in Figure 8.6.
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OPO operation in the 3-5 |im region
A more direct and hence desirable approach is to build an OPO to access these 
wavelengths. In the mid-infrared spectral region, the number of crystals suitable 
for parametric generation is very limited due to the limited transparency of 
dielectric materials at these long wavelengths. A material that looks promising 
for the mid-infra-red spectral region is the chalcopyrite crystal, AgGaSe2 , which 
has a large transparency region as well as a high optical nonlinearity. The 
properties of this material shall now be considered.
Ti:sapphire
Pump Laser Cavity Mirror 
Coating
AR Coating 
On Face
DFM
Difference Frequency 
mixing Crystal
Cavity schematic o f the proposed difference frequency mixing in a new 
simplified picosecond KTA OPO.
Type I non-critical phase-matching in AgGaSez
The use of AgGaSe2  for nonlinear infrared applications was first proposed in the 
early 1970s. At this time however, problems related to growth made it difficult 
to obtain high quality crystals of sufficient size. At this time two main problems 
existed; during the growth process crystals were prone to cracking, and crystals 
were found to display high losses in the near-infrared. In recent years, improved 
quality crystals have been grown which has allowed the operation of AgGaSc2  
OPOs to be demonstrated [3-8]. AgGaSe2  has a very large transparency region, 
which extends as far as 13 jim.
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The type I NCPM geometry in AgGaSe2  was calculated in a similar manner 
to that of the previous LBO and KTA cases. For type I phase-matching, two 
separate branches exist, one for pump wavelengths in the short wavelength 
(band-gap) dispersive region, and the other for pump wavelengths in the long 
wavelength dispersive region. The short wavelength range branch is depicted in 
Figure 8.7.
Î
§
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1
1.3 1.4 1.61.2 1.51.1
Pump Wavelength (pm)
Figure 8.7
Type I  NCPM in AgGaSe2 with pump wavelength tuning at room temperature.
This tuning range represents type I NCPM for propagation along the y axis, 
with the pump polarised along the z-axis and the signal and idler polarised along 
the x-axis. It can be observed from this Figure that tuning from 1.2 to 10.5 p.m is 
possible for pump wavelength tuning in the range 1.1 to 1.5 pm. This would be 
possible, as these wavelength are available from the LBO OPO. Only room- 
temperature operation is considered. It may also be possible to temperature tune 
this material, however no accurate temperature dependence of the refractive 
indices is available. However, even if the thermal dependence of the refractive 
indices are an order of magnitude lower than LiNbOg, as inferred in reference 
[5], then temperature-tuning could be considered. This is important as it would 
increase the range of possible pump sources for OPO operation and open up the 
possibility of using sources such as Nd:YAG or Ti:sapphire lasers.
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8.2.3 AU-Solid-State Picosecond Optical Parametric Oscillators
The recent emergence of new all-solid-state sources of green radiation, most 
notably the Spectra Physics Millenia [9], which produces 5W of CW output 
power at 532 nm opens up new possibilities for the development of all-solid- 
state picosecond OPOs. This laser requires no external water cooling and also 
operates of the standard electricity supply. These features have lead to very low 
noise levels with < 0.1 % rms noise. This laser therefore has many advantages 
over the traditional green source of radiation, the Argon ion laser. This source 
has been demonstrated to be ideal for pumping a Ti:sapphire laser [10]. The 
Millenia-pumped Ti:sapphire laser produces IW  of output power with 
exceptionally low noise levels (<0.5% rms). The laser is tunable from 690 to 
1000 nm and can produce pulse widths in the range 50 fs to 80 ps. It can 
therefore be predicted that the Millenia will in time come to replace the Argon 
ion laser, which will lead to the production of many all-solid-state Ti:sapphire- 
pumped picosecond optical parametric oscillators in the near future.
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Calculation of the Temperature 
Tuned NCPM output from the LBO OPO
This program was written using the Application Mat head.
The Sellmeier equations used are taken from: S. Lin, J. Y. Huang, J. Ling, C. Chen, 
and Y. R. Shen: Appl. Phys. Lett. 59, 2805 (1991).
The Temperature dependence of the Refractive Indices are taken from: S. P. 
Velsko, M. Webb, L. Davis, and C. Huang: IEEE J. Quantum Electron. 27, 2182 (1991).
Define Constants:
A, = 2.58515 By = 0.01412 Cy = 0.00467 Dy = 1.79132*10-2
Ey = 4.17241*10-4 Fy = 7.65183*10-6
Ay = 2.53969 By = 0.01249 Cy = 0.01339 Dy = 0.02029
Calculation 
Guess Solution 
(Temperature (T)) 
T:= 150
Define Equations 
given
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By T, ,2 r  KAy + -  DAt J k  + -  E X  + fX . + ( 2 .a .  -  6.3) X10
+  ■
A, + -  d X  -  b X  + F X  + (2. X  -  6.3) X10HS
X:
func(ls,^i) = find (T)
Define the pump wavelength and the range of signal and idler wavelengths to be 
phase-matched.
Ip = 0.80 i = 1,2..32 \  = 1.31 + 0.024(1-1) X,
Write the data to a text file (This allows the data to be plotted in an external 
graphing package)
M i,o =  fi 
Mi,i = k,,
WRITEPRN(LB0800) = M
This calculation has been performed for a pump wavelength of 800 nm, it can off 
course be performed for any pump wavelength. This produces the characteristic 
LBO curves as below.
The programs to calculate Acceptance angle, Spectral bandwidth, Group velocity 
walkaway. Maximum useful crystal length and Group velocity dispersion, as well 
as the pump-tuning phase-matching in the KTA system are all very similar to this 
program, and so it is not really of use to reproduce all of these programs.
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Calculated temperature-tuning range fo r  parametric generation in type I non- 
critically phase-matched LBO (6=90°, (j)=0°) fo r  (a) pump wavelengths 
between 523.5 nm and 620 nm and (b) between 750 nm and 800 nm.
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Appendix 2
Glossary of Symbols
The following list of symbols does not include all the varieties formed by the 
addition of suffices. The subscripts p, s, and i refer to the pump, signal, and idler 
frequencies respectively.
b confocal parameter
c velocity of light
deff effective nonlinear coefficient
f focal length
hs focussing factor
k wavevector
L crystal length
n refractive index
M cavity mirror
P power, polarisation, optical path length
V velocity
Wo Gaussian beam waist
AR anti-reflecting
B magnetic field
D dispersion constant, displacement
E electric field
HR highly-reflecting
I intensity
J displacement current
S Poynting vector
P propagation constant
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X electrical susceptibility
permittivity of free space
£s cavity loss
4) angle to crystallographic axis, phase shift
X pulse duration
X wavelength of light
a conductivity
1^0 permeability of free space
CO frequency
0 angle to crystallographic axis
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